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ABSTRACT
M A C U L A R  P I G M E N T  IN M O N O Z Y G O T I C  T W I N S .
b y
Billy  Randa l l  H a m m o n d ,  Jr.
U n iv e r s i t y  o f  N e w  H a m p s h i r e ,  M ay ,  1994
D i f f e r e n c e s  in the  op t i ca l  d e n s i t y  o f  m a c u l a r  p i g m e n t  b e tw e e n  
ten  pa i rs  o f  i d en t i ca l  tw ins  w e re  e x a m i n e d .  F o v ea l  and p a r a fo vea l  
s en s i t i v i t i e s  to  l igh ts  o f  4 6 0  and  5 3 0  n m  w e r e  m e a s u r e d  by 
h e t e r o c h r o m a t i c  f l i c k e r  p h o t o m e t r y  in f i ve  s e p a r a t e  s e s s i o n s  fo r  the  
r i gh t  e y e  o f  e ach  twin .  T h e s e  tw o  w a v e l e n g t h s  r e p r e s e n t  the 
m a x i m u m  an d  m i n i m u m  a b s o r b a n c e  fo r  m a c u l a r  p i g m e n t .  T a k i n g  
the  d i f f e r e n c e  in log  sens i t iv i ty  to the 4 6 0  n m  l igh t  for  the  fo v e a  and 
p a r a fo v e a ,  af te r  n o r m a l i z i n g  wi th  r e s p ec t  to 5 3 0  n m ,  y ie lds  a 
m e a s u r e m e n t  o f  the  op t i ca l  d e n s i t y  o f  m a c u l a r  p ig m e n t .  S ta t i s t i ca l l y  
s i g n i f i c a n t  d i f f e r e n c e s  in m a c u l a r  p i g m e n t  d e n s i ty  w e re  fo u n d  for  
f i ve  o f  the  ten tw in  pai rs .  T h es e  d i f f e ren c es  w e re  then re la ted  to 
d i f f e r e n c e s  in the  c a r o t e n o i d  c o n te n t  o f  the  sub jec t ' s  s e ru m  (as  
m e a s u r e d  by  r e v e r s e - p h a s e  h i g h - p e r f o r m a n c e  l iq u id  
c h r o m a t o g r a p h y )  an d  d i f f e r e n c e s  in the  d i e t a r y  i n t ak e  o f  c a r o t e n o i d s  
(a s  a s s e s s e d  by a d i e t a r y  q u e s t io n n a i r e ) .  W h i l e  onl y  a smal l  
r e l a t i o n s h i p  w a s  f o u n d  b e t w e e n  d i f f e r e n c e s  in m a c u l a r  p i g m e n t  
d e n s i t y  an d  the s e r u m  and d i e t a r y  c a r o t e n o i d s  tha t  c o m p o s e  m a c u l a r
x i .
p i g m e n t  ( l u t e in  an d  z e a x a n th in ) ,  a sy s t em a t i c  r e l a t i o n s h i p  w a s  f o u n d  
b e t w e e n  m a c u l a r  p i g m e n t  d e n s i ty  and  a n u m b e r  o f  o t h e r  d i e t  
v a r i a b l e s  th a t  i n f l u e n c e  ca r o t e n o i d  m e t a b o l i s m .  T a k e n  to g e t h e r ,  the  
d a t a  s u p p o r t  e a r l i e r  re sea rc h  on the i m p o r t a n c e  o f  d i e t  in 
d e t e r m i n i n g  m a c u l a r  p i g m e n t  levels .  H o w e v e r ,  it is l ike ly  that  th is  
r e l a t i o n s h i p  is c o m p l e x  and that  the  e v e n tu a l  d e p o s i t i o n  o f  m a c u l a r  
p i g m e n t  w i th in  the  ey e  is i n f luenced  by a n u m b e r  o f  o t h e r  d i e t  
v a r i a b l e s  r a t h e r  than  s im p ly  c a r o t e n o i d  in take .
I N T R O D U C T I O N
T h e  ex i s t e n c e  o f  m a c u l a r  p ig m e n t  ( M P )  in the  p r im a te  ey e  was  
o r ig in a l ly  d e s c r ib e d  by Buzzi  in 1782. T h e  n ex t  150 yea rs  o f  
r e s e a r c h  on th is  s u b s t a n c e  was  d o m i n a t e d  by the  d e b a t e  o f  w h e th e r  
th is  p i g m e n t  a c tu a l ly  e x i s t ed  in the l iv ing ey e  o r  was  s im p ly  a p o s t ­
m o r t e m  ar t i fac t .  It w a s  the w ork  o f  the N obe l  laurea te  G e o r g e  W a ld  
( 1 9 4 5 ,  19 48 ,  1949)  tha t  p ro ved  c o n c lu s i v e ly  that  M P  w as  an in t r in s ic  
c o m p o n e n t  o f  the  re t ina .*  Th e recogn i t io n  that  M P  w as  an in tegra l  
par t  o f  the  re t i n a  ( s p e c i f i c a l ly  the fo v e a )  s u g g e s t e d  the  p o ss ib i l i ty  
tha t  M P  s e r v ed  an es sen t ia l  role in no rm al  foveal  p ro ces ses .  S in ce  
that  t im e ,  i n v e s t i g a t i o n s  in to  the  na tu re  o f  M P  h ave  r e v e a l e d  m a n y  
o f  its e s s e n t i a l  ch a ra c t e r i s t i c s .  N e v e r t h e l e s s ,  p r e s e n t  h y p o t h e s e s  
r e g a r d i n g  the  fu n c t io n  and  m an y  o f  the  ch a r a c te r i s t i c s  o f  M P  re m a in  
c o m p l e t e l y  i n fe ren t i a l .  In fact ,  m an y  o f  the m o s t  im p o r t a n t  a s p e c t s  
o f  M P  are  still  u n k n o w n .  For e x a m p le ,  it is not  k n o w n  w h y  there  
e x i s t s  s uch  w i d e  va r ia t io n  in the qu an t i ty  o f  M P  a m o n g  in d iv id u a ls .  
S in c e  M P  is d i e ta r i l y  de r iv e d  (b e in g  c o m p o s e d  o f  c a r o t e n o i d s  tha t  are 
f o u n d  c h i e f l y  in co lo r e d  f ruits and leafy v eg e ta b l e s ) ,  can  
i n t e r o b s e r v e r  d i f f e r e n c e s  in M P  be e x p l a i n e d  by v a r ia t io n  in 
i n g e s t e d  c a r o t e n o i d s ?  W e  have fo und  a n u m b e r  o f  i n d iv id u a l s  in o u r  
l ab  (as  h a v e  o th e r s )  w h o  possess  no a p p r ec i ab l e  a m o u n t  o f  M P  in
* S o m e  in ve s t i g a t o r s  pe r s i s t ed  in den y in g  that M P  ex i s t e d  in the l i v ing  p r ima t e  
ey e  and  i n s i s t ed  that  it was  s imply a pos t -mo r t em ar t i fact .  T h o u g h  mos t  
r e s ea r c h e r s  ag r e e d  tha t  it ex is t ed  in the fovea  a l t e r  W a l d ’s r e s e a r ch ,  m a n y  
be l i eved  that  it was  absent  in the cen tr a l  foveol a.  It wa s  not unt i l  the ear l y 
1970' s  that  it wa s  ac tua l l y  shown  to be mos t  dense  in the cen tr a l  f ovea  and 
p r e s e n t  at ve ry  l ow  c o n c e n t r a t i o n s  t h r o u g h o u t  the rest  o f  the ret ina.
th e i r  ey e .  Are  there  p e r cep tu a l  or  c l in i ca l  c o n s e q u e n c e s  fo r  those  
i n d i v id u a l s  w h o  p o sse s s  li t t le o r  none  o f  this p i g m e n t ?  Is th e re  any 
w a y  to  c h a n g e  the  d en s i ty  o f  M P  in such ind iv id u a l s?
T h e r e  is ex t e n s i v e  e v i d e n c e  to s u g g e s t  tha t  a n t i o x i d a n t s  (e .g . ,  P- 
c a r o t e n e ,  v i t a m in  E,  a s c o r b a t e ,  x a n t h o p h y l l s )  h a v e  a p r o t e c t iv e  ro l e  
in the  eye .  C o n s e q u e n t l y ,  an t io x id a n t  s u p p l e m e n t s  (e .g . ,  I C A P S  Plus)  
ar e  o f t en  p r e s c r i b e d  fo r  th o se  pa t i en t s  w h o  s u f f e r  f r o m  m a c u l a r  
d i s e a s e  s t a t e s  ( fo r  w h ich  no e f fe c t i ve  t r e a tm e n t  exi s t s ) .  W h i l e  the 
e f f i c a c y  o f  s u c h  t r e a t m e n t  m e a s u r e s  has  not  b ee n  d e t e r m i n e d  a n d  is,
in fac t ,  a m a t t e r  o f  c o n s i d e r a b l e  c o n t r o v e r s y ,  the  n eed  for  bo th
t r e a t m e n t  a n d  p r e v e n t i v e  m e a s u r e s  is c l ea r .  N e v e r t h e l e s s ,  a l t h o u g h  
it is o f t e n  s t a t ed  that  the c a ro t en o id s  tha t  c o m p o s e  M P  m i g h t  be 
p a r t i c u l a r l y  e f f e c t i v e  in p ro t e c t i n g  the  ce n t r a l  r e t ina ,  n o  e v i d e n c e  
e x i s t s  on  the  re la t iv e  e f f e c t i v e n e s s  o f  u s ing  lu te in  an d  z e a x a n t h i n  
( t h e  c a r o t e n o i d s  tha t  c o m p o s e  M P )  fo r  p ro p h y l a c t i c  p u rp o s e s .  In 
fac t ,  t h e s e  s u b s t a n c e s  are  no t  a v a i l a b le  as s u p p l e m e n t s  fo r  o t h e r  
th an  e x p e r i m e n t a l  use.  S in ce  it is k n o w n  that  low  c a r o t e n o i d  in take  
an d  f a m i l i a l  h i s to ry  are  p r i m a r y  r i sk  f a c to r s  fo r  a g e - r e l a t e d
m a c u l o p a t h y  (a d e g e n e r a t i v e  re t i na l  d i s e a s e  th a t  s e l e c t i v e l y  d e s t r o y s
the  f o v e a  o f  o ld e r  sub jec ts ) ,  is it p o s s ib le  tha t  these  r i sk  fa c to r s  
p a r t i a l l y  re f l e c t  d i f f e r e n c e s  in M P  d e n s i t y  t h a t  are  d i e t a r y  a n d / o r  
g e n e t i c  in o r ig in ?  W o u l d  s u p p l e m e n t s  c o m p o s e d  o f  t h e s e  sp e c i f i c  
c a r o t e n o i d s  be  he lp fu l  in p r e v e n t io n  o r  t r e a tm e n t  o f  d i s e a s e s  o f  the  
m a c u l a ?  W h i l e  these  q u e s t i o n s  are b e y o n d  the  s c o p e  o f  this 
p r o p o s a l ,  the  q u e s t i o n  o f  w hy  there  ex i s t s  s u c h  w id e  v a r i a t io n s  in the 
d e n s i t y  o f  M P  a m o n g  in d iv id u a l s  m u s t  be a d d r e s s e d  b e f o re  p o s s i b l e  
in t e r v e n t i o n  for  c l in ica l  p u r p o s e s  m a y  be  c o n s i d e r e d .  In the  p re s en t
3s tudy ,  ten sets  o f  ident ica l  tw in s  had the  d e n s i ty  o f  the i r  M P  
m e a s u r e d  in o r d e r  to  a s se ss  w h e th e r  M P  is p r e d o m i n a n t l y  
g e n e t i c a l l y  d e t e r m i n e d  (a s  has  been  s u g g e s t e d  in the  l i t e r a tu r e )  o r  
w h e t h e r  the  level  o f  M P  is d e t e r m in e d  by e n v i r o n m e n t a l  f a c to r s  
(e .g . ,  r e c e n t  d ie t ) .  In o rd e r  to  d e t e r m in e  p o s s i b l e  s h o r t - t e r m  d i e t a r y  
i n f l u e n c e s ,  the  tw in s  h ad  both  thei r  s e r a  a n a l y z e d  to  d e t e r m i n e  
c a r o t e n o i d  c o n c e n t r a t i o n s  in the  b loo d,  an d  the i r  d ie t  a n a l y z e d  to 
d e t e r m i n e  c a r o t e n o i d  in tak e .
4C H A P T E R  I 
O V E R V I E W  O F  M E T H O D O L O G Y
O p h t h a l m o s c o p i c  E x a m i n a t i o n
T h e  s im p le s t  m e t h o d  fo r  v iew ing  M P  in the  ey e  is by  the  use  o f  
an  o p h t h a l m o s c o p e .  T h e  f i rs t  o p h t h a l m o s c o p i c  e x a m i n a t i o n ,  w h i c h  
r e l i a b ly  r e v e a l e d  the  p r e s e n c e  o f  M P  in the  l iv ing eye ,  w a s  
a c c o m p l i s h e d  by V o d o v o z o f f  ( V o d o v o z o f f ,  1969 as  c i t ed  in 
N u s s b a u m ,  P ruet t  a n d  De lor i ,  1981).  V o d o v o z o f f  u sed  a n u m b e r  o f  
i l l u m i n a n t s  fo r  h is  h a n d - h e l d  o p h t h a l m o s c o p e  an d  f o u n d  th a t  he  
c o u l d  v i e w  M P  w h e n  he used an i l lu m in an t  tha t  w a s  c o m p o s e d  o f  
p r e d o m i n a n t l y  s h o r t - w a v e l e n g t h s  ( i . e . ,  l i gh t  tha t  a p p e a r s  b l u i s h )  an d  
l a c k e d  l o n g e r  w a v e l e n g t h s  ( i .e . ,  l i gh t  tha t  a p p e a r s  g r e e n i s h ,  y e l l o w i s h  
o r  r e d d i s h ) .  T h i s  is b e c a u s e  M P  ab s o r b s  s h o r t -w a v e  l igh t  m o re  than 
d o e s  the  res t  o f  the  re t i n a  an d  t h e re fo re  a p p e a r s  d a r k e r  w h e n  
v i e w e d  t h r o u g h  an o p h t h a l m o s c o p e  us ing  a s h o r t - w a v e  i l l u m i n a n t .
F u n d u s  C a m e r a
W h i l e  d i r e c t  o p h t h a l m o s c o p i c  e x a m i n a t i o n  p r o v i d e s  an ove r a l l  
q u a l i t a t i v e  a s s e s s m e n t  o f  M P ,  m o re  d e t a i l e d  m e a s u r e m e n t s  o f  the  
d i s t r i b u t i o n  o f  the  p i g m e n t  fo r  e x p e r i m e n t a l  p u r p o s e s  c a n  be  m a d e  
u s i n g  f u n d u s  p h o t o g r a p h s .  T h e s e  ty p es  o f  p h o t o g r a p h s  are  
p a r t i c u l a r l y  useful  in th a t  th ey  a l lo w  v i s u a l i z a t io n  o f  th e  m a c u l a  and 
s u r r o u n d i n g  r e g io n s  a l l o w in g  o n e  to  c o r r e l a t e  the  d i s t r i b u t i o n  o f  M P  
w i th  o t h e r  a sp e c t s  o f  the  fu n d u s  (e .g . ,  s ize o f  the  a v a s c u l a r  zone ) .
5B efo re  p h o t o g r a p h i n g  the  f u n d u s ,  m y d r i a s i s  ( i .e. ,  d i l a t io n  o f  the  
p u p i l )  an d  c y c l o p l e g i a  (i .e. ,  p a r a ly s i s  o f  c i l i a ry  m u s c l e s  tha t  p r e v e n t s  
a c c o m m o d a t i o n )  are i n duced  by the  a p p r o p r i a t e  d ru g s .  T h e  e y e  is 
then  p l a ce d  at  a f ixed  d is tance  f r om  the  lens  o f  the  f u n d u s  c a m e r a  
( w h i c h  o p e r a t e s  u s in g  the s am e  bas ic  p r in c ip l e s  as a r e g u la r  c a m e r a ) .  
S in ce  the  p h o t o g r a p h  is taken at a very  b r i e f  e x p o s u r e ,  b l u r r i n g  o f  
the i m a g e  d u e  to  e y e  m o v e m e n t s  is avo ided .  T he  im ag e  is d e v e l o p e d  
on h i g h - c o n t r a s t  f i lm  to p r o v i d e  s h a rp  b o r d e r s  fo r  m e a s u r e m e n t  
p u r p o s e s .
A l t h o u g h  p h o t o g r a p h y  is w i d e l y  u s ed  in c l in ica l  p rac t i ce ,  its 
a p p l i c a t i o n  in m a k i n g  ab so lu te  m e a s u r e m e n t s  o f  the  f u n d u s  is 
l imi ted .  T h i s  is p r i m ar i ly  due  to  the fac t  tha t  in o r d e r  to d e r iv e  an 
a c c u r a t e  e s t i m a t e  o f  a p h o to g ra p h ic  im a g e ,  all v a r i a b l e s  tha t  
c o n t r i b u t e  to the  fo r m a t io n  o f  the  im age  m u s t  be k n o w n .  T h u s ,  to 
c a l c u l a t e  the abso lu te  s ize o f  an ob ject  on  the  f u n d u s ,  o n e  m u s t  k n o w  
the  c u r v a t u r e  and  th i ck n es s  o f  the  c o r n e a  and  lens  t h r o u g h  w h ic h  
the l igh t  p a s se s ,  the an te r io r  c h a m b e r  d ep th ,  the  axia l  leng th  o f  the  
eye ,  an d  the shape  o f  the fund us .  W hi le  m os t  o f  these  fa c to r s  can  be 
r e l i a b ly  m e a s u r e d  (o r  e s t im a ted ) ,  there  is no  w a y  to  a c c u r a t e l y  
m e a s u r e  a l t e r a t io n s  in the m o r p h o l o g y  o f  the  f u n d u s  ( t h o u g h  it c a n  
be  a p p r o x i m a t e d ,  L i t t m a n n ,  1982) .
N o t w i t h s t a n d i n g  the se  d i f f i c u l t i e s ,  f u n d u s  p h o t o g r a p h s  p r o v i d e  
a c o m p r e h e n s i v e  a s s e s s m e n t  o f  the  f u n d u s  wi th  n u m e r o u s  b e n e f i t s  
( p a r t i c u l a r l y  w h e n  the  m e a s u r e m e n t s  are  r e la t iv e  to  the  s u b j e c t  
r a th e r  th an  ab so lu te ) .  For  e x a m p l e ,  th is  t e ch n iq u e  c a n  be  u s e d  on 
s u b j e c t s  w h o ,  for  e i t h e r  behav io ra l  (e .g. ,  in fant s  an d  a n i m a l s )  or  
p h y s i c a l  (e .g . ,  v i s u a l ly  h a n d i c a p p e d )  re a s o n s ,  c a n n o t  h a v e  t h e i r
6m a c u l a  m e a s u r e d  u s in g  o t h e r  t e c h n i q u e s  (e .g . ,  p s y c h o p h y s i c a l  
t e c h n i q u e s ) .  M o re o v e r ,  m u l t i p le  a s p e c t s  o f  the  f u n d u s  c a n  be 
a s s e s s e d  s i m u l t a n e o u s l y .
A b a d i  an d  C o x  ( 1 9 9 2 )  u sed  f u n d u s  p h o t o g r a p h y  to  m e a s u r e  the  
d i s t r i b u t io n  o f  M P  in h u m a n  a lb inos .  T h i s  is p ro b a b ly  o n e  o f  the  only  
t e c h n i q u e s  th a t  o n e  co u ld  use  on a lb in o s  s ince  they  h av e  a n u m b e r  o f  
v isual  d e f e c t s  as a resul t  o f  the i r  co n d i t i o n  (e .g . ,  u n c o n t r o l l a b l e  
n y s t a g m u s ) .  B y  o b ta in in g  lu m in a n c e  p ro f i l es ,  A b a d i  a n d  C o x  
d e m o n s t r a t e d  that  h u m a n  a lb in o s  p o s s e s s  no MP.  S in c e  they  a l s o  
p o s s e s s  n o  m e l a n i n  in the  p i g m e n t  e p i t h e l i u m  o f  the i r  ey e ,  a lb in o s  
ar e  e x t r e m e l y  s u s ce p t ib l e  to ac t in ic  in su l t  ( i .e. ,  d a m a g e  c a u s e d  by 
p h o t o c h e m i c a l  p r o c e s s e s  in i t i a t ed  by the  a b s o r p t i o n  o f  l ight) .
A n u m b e r  o f  s tud ie s  h av e  r e c e n t ly  b een  d o n e  th a t  h a v e  re f in ed  
the  v i s ib i l i ty  ( F a r iz a  et.  al . ,  1988; S c h i rm e r  a n d  J a c q u e s ,  1987;  
B e n g t s s o n ,  1992; Heie r ,  1989)  o f  f u n d u s  p h o t o g r a p h s  to  a 
c o n s i d e r a b l e  d e g r e e .  C o n s e q u e n t l y ,  the  use  o f  f u n d u s  p h o t o g r a p h s  is 
q u i c k l y  b e c o m i n g  a p o w e r f u l  e x p e r i m e n t a l  tool ,  p a r t i c u l a r l y  w h e n  
c o u p l e d  w i th  o t h e r  t e c h n i q u e s  (e .g . ,  s u p e r i m p o s i t i o n  w i th  p e r i m e t r y  
dat a ;  Bek  an d  L u n d - A n d e r s e n ,  1990).  F o r  ex a m p l e ,  the  
p h o t o g r a p h i c  t e c h n i q u e  m i g h t  be useful  fo r  e x a m i n i n g  the  d i c h r o i c  
e f f ec ts  o f  M P  (i .e. ,  the pol ar iz a t ion o f  l ight  by  the a l i g n m e n t  o f  a 
p ro p o r t i o n  o f  the  m o lecu le s  co m p r i s i n g  MP).  T h i s  co u ld  be  
a c c o m p l i s h e d  th r o u g h  the  use  o f  p o l a r i z in g  f i l te rs  p u t  o v e r  the  lens  
tha t  t r a n s m i t  o n l y  ce r t a in  v ec to r s  o f  the  r e f l e c t e d  l igh t  ( a s s u m i n g  
r a n d o m  o r i e n t a t i o n  o f  the  i n t e r m e d i a t e  m ed ia ) .*
* A  sma l l  co r r e c t i o n  wou ld  be r equ i r ed ,  h o w e v e r ,  s i nce  the p o l a r i z a t i o n  o f  the 
l i gh t  e m e r g i n g  f rom the  eye  w o u l d  be s l i gh t l y  a l t e r ed  by t he  b i r e f r i n g e n c e  o f  
t he  c o r n e a  (B o n e ,  1980).
7E l e c t r o - O p t i c  F u n d u s  I m a g in g
E x t e n s i o n s  o f  the  p h o t o g r a p h i c  m e t h o d  h ave  r e c e n t l y  bee n  
e m p l o y e d  to i m a g e  the  re t i na  in m u c h  the  s a m e  m a n n e r  as  X - r a y s  o f  
the  b r a in  h av e  b ee n  e x t e n d e d  to  b r a in - im a g in g .  E l e c t r o - o p t i c  f u n d u s  
im a g i n g  ( for  a r e v ie w ,  see  Peli ,  1989)  uses  the  bas ic  f u n d u s  c a m e r a  
i m a g i n g  o p t i c s  w i th  c o m p u t e r  p r o c e s s in g  an d  o n - l i n e  im a g e  d i s p l ay .  
T h u s ,  i m a g e s  ar e  a v a i l a b le  i m m e d ia t e l y  (u s u a l l y  b e in g  d i s p l a y e d  o n  a 
v i d e o  m o n i t o r )  an d  m a y  be c o m p u t e r  m a n i p u l a t e d  as  d e s i r e d  (e .g . ,  
f o r  a u g m e n t e d  v i e w i n g  o f  M P  or  re t inal  v a sc u la tu re ) .  T h i s  a p p r o a c h  
m a y  h o ld  c o n s i d e r a b l e  p r o m i s e  fo r  f u tu re  e x p e r i m e n t a l  s t u d i e s  on 
d y n a m i c  a s p e c t s  o f  r e t ina l  func t i on .
I m a g i n g  F u n d u s  R e f l e c t o m e t r v
A re la ted  t e c h n iq u e  for  a s s e s s in g  M P  is c a l l e d  i m a g i n g  f u n d u s  
r e f l e c t o m e t r y  ( IFR ) .  In this p ro ced u re ,  a smal l  a m o u n t  o f  
m o n o c h r o m a t i c  l igh t  is p a s s e d  th r o u g h  the  e y e  ( a f t e r  the 
p h o t o p i g m e n t  has  been  b l eac h ed  to  p r e v e n t  a b s o r p t i o n )  a n d  is 
r e f l e c t e d  o f f  the  back o f  the  eye  to  a ph o to d e tec to r .  Th i s  
p h o t o d e t e c t o r  m e a s u r e s  the  a m o u n t  o f  re f l e c t ed  l igh t  tha t  m a y  then  
be c o m p a r e d  to  the  a m o u n t  o f  l ight  tha t  w a s  o r ig in a l ly  e m i t t e d .  T h e  
r e s u l t a n t  ra t io  s e rv e s  as  an  index o f  the  d e n s i ty  o f  the  p i g m e n t  b e ing  
s tu d i ed .  By  v a r y in g  w a v e l e n g t h ,  an ab s o r p t i o n  s p e c t r u m  c a n  be 
o b t a i n e d .
K i lb r id e ,  A l e x a n d e r ,  F i s h m a n  an d  F i s h m a n  ( 1 9 8 9 )  u s e d  this 
t e c h n i q u e  to a s se ss  the  d is t r i bu t i on  o f  MP.  S im i l a r  to f u n d u s  
p h o t o g r a p h s ,  the  b ig g es t  p ro b lem  w i th  th is  m e t h o d  a r is e s  f r o m  the
8t e n d e n c y  for  s c a t t e r in g  a n d  ab s o r p t i o n  d u e  to  o t h e r  e l e m e n t s  w i t h i n  
the  e y e  that  ar e  not  o f  in teres t  to  the  e x p e r i m e n t e r  (e .g . ,  h e m o g l o b i n ,  
m e la n in  and  l en s  p igm en t ) .  A c co rd in g  to K i lb r i de  et .  al.  ( 1 9 8 9 ) ,  
h o w e v e r ,  a r t i f a c t s  d u e  to  s ca t t e r in g  an d  a b s o r p t i o n  b y  o t h e r  
i n t r a o c u l a r  e l e m e n t s  m a y  be m i n i m i z e d  b y  s u b t r a c t i n g  the 
r e f l e c t a n c e  d i s t r i b u t i o n s  o f  these  o t h e r  e l e m e n t s  f r o m  the  to t a l  
re f l e c t a n c e  d i s t r i b u t io n .  T h i s  t e c h n iq u e  w o u l d  c l e a r l y  be u se fu l  if 
o n e  w a n t e d  to  c o r r e l a t e  the  d e n s i ty  o f  M P  wi th  o t h e r  in t r a o c u la r  
f i l te rs  in the re t i n a  (e .g . ,  m e lan in ,  h e m o g l o b i n ,  lens  d ens i ty ) .  U s in g  
th is  m e t h o d ,  A l e x a n d e r ,  K i lb r id e ,  F i s h m a n  a n d  F i s h m a n  ( 1 9 8 7 )  
e x a m i n e d  the  h y p o t h e s i s  tha t  pa t i e n t s  w i th  re t i n i t i s  p i g m e n t o s a  (a  
h e r e d i t a r y  d i s e a s e  o f  r e t ina l  d e g e n e r a t i o n )  h a v e  i n c r e a s e d  a m o u n t s
o f  MP.  T h i s  h y p o t h e s i s  is based  up on  the  o b s e r v a t io n  that  the se
p a t i e n t s  o f t e n  h a v e  r e d u c e d  fo v e a l  s e n s i t i v i t y  to  s h o r t - w a v e l e n g t h  
l ight .  T h e s e  a u t h o r s  f o u n d  that  these  pa t i en t s  d id  n o t  h ave  an 
i n c r e a s e d  a m o u n t  o f  M P  but  r a th e r  m i g h t  h av e  m o r p h o l o g i c a l  
d i s t u r b a n c e s  in t he i r  fo v e a l  c o n e s  that  a f f e c te d  M P  a b so r p t io n .*  
T e c h n i q u e s  that  use  re t inal  i m a g in g  are  c l e a r ly  val id  a n d  
p r o v i d e  use fu l  v i s u a l i z a t i o n s ,  bu t  the i r  use  in m a k i n g  q u a n t i t a t i v e  
a s s e s s m e n t s  o f  M P  are  l imi ted .  T h e r e  are ,  e s s e n t i a l l y ,  two 
a p p r o a c h e s  to m o r e  q u an t i t a t i v e  an a ly s e s  o f  MP.  T h e  fi rs t  a p p r o a c h  
is to  u s e  c a d a v e r o u s  e y e s  and  m e a s u r e  the  p i g m e n t  d i re c t ly .  G e o r g e  
W a ld  ( 1 9 4 9 )  o r ig in a l ly  u sed  th is  m e t h o d  to  s tu d y  M P  by s i m p ly
e x t r a c t i n g  the  p i g m e n t  w i th  l ipid so lven ts .  T h i s  m e t h o d  p r o v i d e d  an
a b s o r p t i o n  s p e c t r u m  that  led W a ld  to c o n c l u d e  that  th e  p i g m e n t  w a s
* S h o r t - w a v e  c o n e s  arc  m o s t  adv e r se ly  a f f ec t ed  by a n u m b e r  o f  o c u l a r  d i s ea se s  
(e . g. ,  r e t i n i t i s  p ig m e n t os a ;  g l au co m a ;  Newe l l .  1992).  It is n o t  en t i r e l y  c l e a r  
w hy  t h i s  co n e  c l a s s  is p r e f e r en t i a l l y  a f f ec t ed .
9c o m p o s e d  o f  x a n t h o p h y l l s  ( s p e c i f i c a l l y  he p o s t u l a t e d  that  M P  w a s  
c o m p o s e d  o f  lu t e in ,  3,3 '  d i h y d r o x y - a - c a r o t e n e ) ,  bu t  c o n t a m i n a t i o n  
d u e  to  the  use  o f  ch e m ic a l  so lven ts  c o u l d  no t  be  ru led  out .  T h i s  w as  
a s e r io u s  d i f f i cu l ty  s ince  it is k n o w n  that  the  ab s o r p t i o n  s p e c t r u m  o f  
c a r o t e n o i d s  is d e p e n d e n t  u p o n  both  the  i s o m er i c  c o n f i g u r a t i o n  o f  the 
a b s o r b i n g  m o l e c u l e s  an d  the  c h e m i c a l  m i l i eu  in w h i c h  th is  a b s o r p t i o n  
t ak es  p l a c e  (S n o d d e r ly ,  B r o w n ,  De lo r i  an d  A u r a n ,  1984).
M i c r o s p e c t r o p h o t o m e t r v
A m o r e  c o m m o n  in v itro  a p p r o a c h  is t h r o u g h  the  use  o f  
m i c r o s p e c t r o p h o t o m e t r y  ( M S P )  on f l a t  m o u n t e d  r e t i n a s  ( S n o d d e r l y  
et .  al . ,  1984).  In this p ro c ed u re ,  the  re t ina  is ex t i rp a te d  f r o m  an 
e n u c l e a t e d  e y e  an d  th en  f ixed in a so lu t io n  th a t  wi l l  b o th  p r e s e r v e  
the  t i s su e  an d  m a i n t a i n  its s t ruc tu re .  C o n t a m i n a t i o n  f r o m  c h e m i c a l  
a g e n t s  ( w h i c h  are  n u m e r o u s )  can  be m i n i m i z e d  by c o m p a r i s o n  wi th  
e x t i n c t i o n  s p e c t r a  o b t a i n e d  in situ  (e .g . ,  t h r o u g h  s p e c t r o s c o p i c  
m e a s u r e m e n t s ) .  T h e  a b s o r b a n c e  o f  the  p i g m e n t  is t h e n  d e t e r m i n e d  
by the  use  o f  a m e a s u r in g  b e a m  (o f  v a r io us  w a v e l e n g t h s ) ,  w h i c h  is 
c o n f i n e d  to  a s ing le  re tinal  l ay er  ( to  the  e x t e n t  to w h ich  th is  is 
p o s s i b l e  t h r o u g h  d i s s e c t i o n )  an d  a s m a l l  d i a m e t e r  o f  the  p r e p a r e d  
t i s su e  (e .g . ,  1 0  m m ).
T h e  m a i n  d i f f i cu l ty  wi th  this m e t h o d  is the  p o s s ib i l i t y  o f  p o s t ­
m o r t e m  c h a n g e  o f  the  t i ssue .  F o r  e x a m p l e ,  g a m m a - a m i n o b u t y r i c  
a c id  i n c r e a s e s  by  as m u c h  as  4 0 %  i m m e d ia t e l y  af te r  the  o n s e t  o f  
d e a th .  It is p o s s i b l e  tha t  s im i l a r  p o s t - m o r t e m  c h a n g e s  m i g h t  t ak e  
p l a c e  w i th in  the  re t ina .  F u r th e r ,  d e s p i t e  the  f i x a t i v e s  u s e d  in t i s su e  
p r e p a r a t i o n ,  the  re t ina  is in a  d e g e n e r a t i v e  s t a te .  F in a l ly ,  u s in g  th is
1 0
m e t h o d ,  t h o u g h  p e r h a p s  m o re  d i r ec t  th an  o t h e r  m e t h o d s ,  p r o v i d e s  
o n l y  a o n e - t im e  a s s e s s m e n t  o f  the p i g m e n t  (it  is p o s s ib le  tha t  M P  
m i g h t  c h a n g e  wi th  t im e )  an d  ca n  p r o v id e  l i t t le i n f o r m a t i o n  r e g a r d i n g  
the  d y n a m i c  a sp ec t s  o f  M P wi th in  the l iv ing  eye .
H i g h - P e r f o r m a n c e  L i q u i d  C h r o m a t o g r a p h y
A n o t h e r  d i r e c t  m e t h o d  fo r  s t u d y in g  M P  an d  the  c a r o t e n o i d s  
tha t  c o m p o s e  M P  is th ro ugh  the  use o f  h igh p e r f o r m a n c e  l iquid  
c h r o m a t o g r a p h y  (H P L C ) .  T h i s  m e th o d  has  been e m p l o y e d  in a 
n u m b e r  o f  M P  s tud ies  (B o n e ,  L a n d r u m ,  F e r n a n d e z  an d  T a r s i s ,  1988;  
H a n d e l m a n ,  S n o d d e r l y ,  K r i nsky ,  R usse t t  an d  A d le r ,  1991;
H a n d e l m a n ,  Dra tz ,  R e a y  and  van Kui jk ,  1988;  S n o d d e r l y ,  H a n d e l m a n  
and  Ad ler ,  1991).  F o r  ex a m p l e .  Bone,  L a n d r u m  an d  T a r s i s  (1 9 8 5 )  
u sed  H P L C  to  iden t i fy  the m a jo r  c a ro t en o id s  c o m p o s i n g  M P  and  
d i s c o v e r e d  th a t  M P  w a s  c o m p o s e d  o f  at least  t w o  x a n t h o p h y l l s ,  
z e a x a n t h i n  ( w h i c h  is ac tu a l ly  the  d o m i n a n t  p i g m e n t  in the  cen t r a l  
f o v e a )  and lu te in .
C h r o m a t o g r a p h y  re fe rs  to  a n u m b e r  o f  t e c h n i q u e s  that  
s e p a r a t e  c o m p l e x  m i x tu r e s  o f  c h e m i c a l s  by p e r c o l a t i o n  th r o u g h  
s e l e c t i v e ly  a b s o r b i n g  med ia .  T h i s  s ep a ra t i o n  y i e ld s  s t ra t i f i ed ,  o f t en  
c h r o m a t i c a l l y  d i s t in c t  c o n s t i t u e n t  laye rs .  C h r o m a t o g r a p h y  c a n  be 
l i te ra l ly  t r an s l a t e d  as  " co lo r  w ri t ing"  and  re la te s  b ac k  to  the  ea r l i e s t  
use  o f  this  t e c h n i q u e  to  s ep a ra te  the  c h e m i c a l  c o m p o n e n t s  o f  p l a n t s  
such  that  th ey  p r o d u c e d  ban ds  o f  co l o r  on  p a p e r  ( i .e. ,  p a p e r  
c h r o m a t o g r a p h y )  o r  on a s i l ica g e l - c o a t e d  g las s  p la te  ( i .e . ,  t h i n - l a y e r  
c h r o m a t o g r a p h y ) .  M a x i m a l  r e so lu t ion  o f  a m ix tu r e  o f  c o m p o u n d s  is 
a c h i e v e d  w h e n  the  c a r r i e r  s o lv e n t  and the  m e d ia  ar e  s e l e c t e d  to
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d i f f e r e n t i a l l y  a f f e c t  the  m i g ra t i o n  o f  the  d i f f e r e n t  c h e m i c a l  
c o n s t i t u e n t s  in the  f luid  a long  the  m e d iu m .  T h e  d e g r e e  o f  m i g r a t i o n  
is a f u n t i o n  o f  the  m o l e c u l a r  p ro p e r t i s  o f  the i n d iv id u a l  c o n s t i t u e n t s  
w i th in  the  m ix tu r e .  T h u s ,  the c h e m i c a l s  tha t  w e r e  o n c e  m i x e d  w i th in  
the  f l u id  can be  s ep a ra ted  by cu t t i n g  apa r t  s t r ip s  o f  the  p a p e r  o r  
s c r ap in g  o f f  s ec t i o n s  o f  the s i l ica  gel.  T h ese  s a m p le s  can then  be 
q u a n t i f i e d .
C o l u m n  c h r o m a t o g r a p h y  ( C C )  sep a ra t e s  c h e m i c a l s  w i t h i n  a f lu id  
o r  b io lo g ic a l  s a m p l e  by r u n n in g  the s a m p le  t h ro u g h  a c o l u m n  o f  
m a t e r i a l s  ( u s u a l ly  s i l ica or  g l as s  beads )  so  that  c h e m i c a l s  w i th  
d i f f e r e n t  m o l e c u l a r  p rope r t ie s  e lu te  ( i .e. ,  c o m e  o ff )  at  d i f f e r e n t  t imes .  
Hi gh  p e r f o r m a n c e  l iquid  c h r o m a t o g r a p h y  ( H P L C )  is s im i l a r  to  C C  
e x c e p t  tha t  h igh p re s su r e  is u sed  to e n h a n c e  the  s e p a r a t i o n  
c a p a c i t i e s  o f  the  sys tem.
O n e  a d v a n ta g e  o f  us ing H P L C  is the  ab i l i ty  to  m e a s u r e  smal l  
c o n c e n t r a t i o n s  o f  a ch e m ic a l  su b s t an ce  wi th in  a g i v e n  m e d i u m .  F o r  
e x a m p l e ,  Bone,  L a n d r u m ,  F e r n a n d e z  an d  T a r s i s  ( 1 9 8 8 )  u sed  this  
m e t h o d  to  s h o w  that  fe ta l  re t inas  (as ea r l y  as 2 0  w e e k s  g e s t a t i o n )  
c o n t a i n  smal l  a m o u n t s  o f  z e ax an th in  and lutein.  H a n d e l m a n ,  Dra tz ,
R ea y  a n d  van K u i jk  (1 9 8 8 )  a l so  fo und  subs tan t i a l  q u a n t i t i e s  o f  M P  in 
the  c e n t r a l  re t i na  o f  infants .  T h i s  f i n d in g  c o n t r a d i c t e d  the  w id e l y  
he ld  n o t i o n  th a t  M P  w a s  a b s e n t  in the  n e w b o r n  an d  p r e m a t u r e  
in fan t  ( N u s s b a u m ,  P ru et t  and D e lo r i ,  1981;  H a m ,  A l len ,  F e e n e y -  
B u rn s ,  M a r m o r ,  P a rv e r ,  P ro cto r ,  S l i ney  and W o l b a r s h t ,  1986;
I s e n b e r g ,  1986) .
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P s y c h o p h y s i c a l  A s s e s s m e n t  o f  M a c u l a r  P i g m e n t
T h e  o t h e r  a p p r o a c h  to  q u an t i t a t i v e  a n a ly s i s  o f  M P  is t h r o u g h  
the  use  o f  p s y c h o p h y s i c s .  Th i s  m e t h o d o l o g y  t akes  a d v a n t a g e  o f  the  
fac t  tha t  M P  is loca ted  an t e r io r  to the  p h o to re c e p to r s .  T h u s ,  l igh t  
m u s t  p a s s  t h r o u g h  the  p i g m e n t  and c o n s e q u e n t l y  be  f i l t e r e d  by  the  
p i g m e n t ,  b e f o re  it is ab s o r b e d  by the  p h o to r e c e p to r s .  T h e  v a r io u s  
p s y c h o p h y s i c a l  t e c h n i q u e s  u sed  t ake  a d v a n t a g e  o f  the  f o l l o w i n g  
p r o p e r t i e s  o f  M P:  M P  al t er s  fove al  spec t ra l  sen s i t i v i t y  fo r  sh o r t -
w a v e l e n g t h s  w i t h o u t  a l t e r in g  p e r ip h e r a l  s e n s i t i v i t y  fo r  s h o r t -  
w a v e l e n g t h s ;  M P  is c o m p o s e d  o f  a ce r t a i n  p e r c e n t a g e  o f  m o l e c u l e s  
tha t  are  a l i g n e d  in such a m a n n e r  tha t  they  p r e f e r e n t i a l l y  a b s o r b  
l ight  p o l a r i z ed  in ce r t a i n  o r i en t a t i o n s  ( i .e. ,  the  p i g m e n t  is d i ch ro i c ) ;  
the  a m o u n t  o f  M P  c h a n g e s  the c o lo r  a p p e a ra n c e  o f  l ights ;  an d  the 
a m o u n t  o f  p i g m e n t  d i r ec t ly  i n f lu en c es  a su b je c t ' s  a b s o l u t e  t h r e s h o l d  
fo r  s h o r t - w a v e l e n g t h  l ight.  Al l o f  thes e  a sp ec t s  o f  the  p i g m e n t  are  
i n t i m a t e l y  r e la t ed  to  the  p i g m e n t ' s  o p t i ca l  d e n s i t y  an d  ar e  t h e r e f o r e  
u s ed  to  d e t e r m i n e  both  the  d en s i ty  an d  d i s t r i b u t i o n  o f  the  p i g m e n t .
P s v c h o p h v s i c a l  A s s e s s m e n t  o f  M a c u la r  P ig m e n t :  C o l o r  M a t c h i n g
R u d d o c k  (1 9 7 7 )  d e r iv e d  d e n s i ty  e s t i m a t e s  o f  M P  b a s e d  u p o n  
c o l o r  m a t c h i n g  da ta .  T h i s  t e ch n iq u e  is base d  u p o n  the  o b s e r v a t io n  
th a t  th ree  p r i m a r y  l ights  ar e  su ff i c ie n t  for  an y  an d  all  m e t a m e r i c  
m a t c h e s  ( i .e. ,  c o l o r  m a t c h e s  b e tw e en  l ights  o f  d i f f e r e n t  spec t r a l  
c o m p o s i t i o n ) .  S u c h  m a tc h e s  are  ex p r e s s e d  as  fo l low s :
s ■ V  h + z-
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w h e r e  S is the  s t anda rd  and  x, y and z r e p re s en t  the  i n ten s i t i e s  of  
the  th ree  p r im ar i e s  ( Xi,  A. 2 and A.3 ) u sed  to m a k e  the  m e t a m e r i c  
m a t c h .  R u d d o c k  found  that  the value  for  z v a r ie d  as a fu n c t io n  o f  the 
p o s i t i o n  o f  the  s t im u lu s  up o n  the  re t i na  (a f t e r  t ak in g  in to  a c c o u n t  
d i f f e r e n c e s  in r e c e p t o r  p o p u la t io n  dens i t i e s ) .  T h i s  r e f l e c t ed  th e  fac t  
tha t  m o r e  s h o r t -w a v e  l igh t  (i .e. ,  X. 3 ) w a s  n e c e s s a r y  to  m a k e  a 
m e t a m e r i c  m a t c h  in the  fo v ea  b e c a u s e  a ce r t a in  p e r c e n t a g e  o f  the 
l igh t  w a s  be in g  a b s o r b e d  by MP.  Thi s  p e r c e n t a g e  s u p p l i e d  an  
e s t i m a t e  o f  the  op t i ca l  d e n s i t y  o f  the  p igm en t .
P s y c h o p h y s i c a l  A s s e s s m e n t  o f  M a c u la r  P ig m e n t :  A s s e s s m e n t  B a s e d
o n  D i c h r o i s m
A n o t h e r  p s y c h o p h y s i c a l  m e t h o d  u sed  to  a s s e s s  the  o p t i c a l  
d e n s i t y  o f  M P  is t h ro u g h  ex p lo i t a t ion  o f  its d i c h ro i c  p ro p e r t ie s .
T h e s e  p r o p e r t i e s  have been  used to m e a s u r e  M P  in a n u m b e r  o f  
s t u d i e s  (D e  Vries ,  S p o o r  and  J ie lof ,  1953; N a y lo r  an d  S ta n w o r th ,
1954; B o n e ,  1980;  Bone,  L a n d r u m  and Cain s ,  1992).  It has  bee n  
d e t e r m i n e d  tha t  a p p r o x im a te ly  5 %  o f  the  m o l e c u l e s  tha t  c o m p o s e  M P  
a re  a r r a n g e d  in a r ad ia l ly  s y m m e t r i c  m a n n e r  w i th  the  c e n t e r  
c o r r e s p o n d i n g  to  the  c e n t e r  o f  the  fo v ea  (de Vrie s ,  S p o o r  an d  J ie lof ,  
1953) .  B o n e  (1 9 8 0 )  o r ig in a l ly  e s t im a te d  M P  d e n s i t y  by h av i n g  
s u b j e c t s  m a k e  a b r i g h tn e s s  m a t c h  b e t w e e n  a c o n t i n u o u s ,  
m o n o c h r o m a t i c ,  p o l a r i z e d  test  f ie ld an d  an u n p o l a r i z e d ,  
m o n o c h r o m a t i c  s u r ro u n d .  S ince  the d ich ro ic  m o l e c u l e s  o f  M P  ab s o r b
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the  p o l a r i z e d  tes t  bu t  no t  the  u n p o l a r i z e d  s u r r o u n d ,  d e n s i t y  m a y  be 
c a l c u l a t e d  as a fu n c t io n  o f  the  in ten s i ty  ra tio.  B o n e ,  L a n d r u m  an d  
C a i n s  (1 9 9 2 )  u sed  e s s e n t i a l l y  th is  s am e  m e t h o d  a n d  c o m p a r e d  it to 
a b s o r p t i o n  s p e c t r a  o b t a i n e d  in v i t ro  an d  f o u n d  r e m a r k a b l y  c l o s e  
a g r e e m e n t  b e t w e e n  the  s p ec t r a  d e r iv e d  f r o m  th e  t w o  m e t h o d s .
P s y c h o p h y s i c a l  A s s e s s m e n t  o f  M a c u la r  P ig m e n t :  H e t e r o c h r o m a t i c
F l i c k e r  P h o t o m e t r y
T h e  p s y c h o p h y s i c a l  t e c h n i q u e  used  in the  p r e s e n t  s t u d y  is 
b a s e d  on  the  s pec t r a l  sens i t iv i t y  o f  the  v i sual  s y s t e m  ( i .e . ,  s e n s i t i v i t y  
to  l i g h t s  o f  d i f f e r e n t  w a v e le n g th s ) .  T h i s  sen s i t i v i t y  is m e a s u r e d  fi rs t  
in the  re g io n  o f  the  re t ina  w h e re  M P  re s ides  ( t he  fo v e a )  a n d  then  in 
an  e x t r a f o v e a l  po s i t io n ,  w h e re  no  M P  is p r e s u m e d  to  exi s t .  T a k i n g  
the  log  ra t io  o f  the  tw o  spec t ra l  sens i t iv i t y  f u n c t i o n s  y i e ld s  a c u r v e  
th a t  m a t c h e s  the  a b s o r p t io n  s p e c t r u m  o f  M P.  T h e  h e ig h t  o f  th is  
c u r v e  is a m e a s u r e  o f  the  opt ica l  de ns i ty  o f  MP.  Spec t ra l  sens i t iv i t y  
is m e a s u r e d  by a p s y c h o p h y s i c a l  m e t h o d  k n o w n  as  h e t e r o c h r o m a t i c  
f l i c k e r  p h o t o m e t r y .  W i th  th is  m e th o d ,  the  s u b j e c t  v i e w s  a sm al l  
c i r c u l a r  f ie ld tha t  co n s i s t s  o f  a s t anda rd  l ight,  w h ic h  is f i x e d  in 
w a v e l e n g t h  c o m p o s i t i o n  an d  in tens i ty ,  a l t e r n a t in g  in the  s a m e  
p o s i t i o n  wi th  a m o n o c h r o m a t i c  l ight  o f  a g iven  w a v e l e n g t h .  W h a t  the 
su b jec t  sees  is a co lo re d  disc o f  l ight  tha t  is f l i ck e r ing .  T h e  sub jec t  
se ts  the  r a d ia n c e  o f  the  m o n o c h r o m a t i c  l igh t  s u ch  that  th e  f l i ck e r  
d i s a p p e a r s .  T h i s  se t t ing  is a m eas u r e  o f  the  su b jec t ' s  sen s i t i v i t y  to  
l igh t  o f  tha t  p a r t i c u la r  w a v e l e n g t h .  T h e  w a v e l e n g t h  is v a r i e d  f r o m  
t r ial  to t rial .
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L i m i t a t i o n s  o f  P s v c h o p h v s i c a l  M e t h o d s
O n e  l im i ta t io n  o f  the  p s y c h o p h y s i c a l  m e t h o d s  t h a t  h a v e  been  
d i s c u s s e d  is the  a s s u m p t i o n  that  the  spec t ra l  s en s i t i v i t y  o f  r e c e p t o r s  
w i t h i n  the  fo v e a  is e q u i v a l e n t  to  the  spec t ra l  s e n s i t i v i t y  o f  r e c e p t o r s  
in the  pa r a fo v e a .  W h i l e  this  is not  a l imi ta t ion  o f  the  d i c h r o i c  
m e t h o d ,  the  f l i ck e r  t e c h n i q u e  j u s t  d e s c r ib e d  an d  the  c o l o r  m a t c h i n g  
e s t i m a t i o n s  re ly  u p o n  the  a s s u m p t i o n  that  the  o n ly  d i f f e r e n c e  
b e t w e e n  the  fovea  and  p a r a f o v e a  is in regard  to  M P  ab s o rp t io n .  T h i s  
a s s u m p t i o n ,  h o w e v e r ,  has  been s h o w n  to be in co rr ec t .  W h i l e  the  
r a t i o  o f  l o n g - t o - m i d - w a v e  c o n e s  r e m a i n s  i n v a r i a n t  a c r o s s  the  ce n t r a l  
re t i n a  ( N e r g e r  an d  C ic e ro n e ,  1992; C ice ro n e  a n d  N e rg e r ,  1989) ,
W o o t e n  a n d  W a l d  (1 9 7 3 )  and M arc  an d  S p e r l i n g  (1 9 7 7 )  h ave  
p r o v i d e d  e v i d e n c e  that  the  re la t iv e  p o p u l a t i o n  o f  s h o r t - w a v e  c o n e s  
d i f f e r s .  I f  t he i r  c o n t r i b u t i o n  w e re  not  e l i m in a t e d ,  then  d i f f e r e n c e s  in 
s p e c t r a l  s en s i t i v i t y  at  the  s h o r t - w a v e  en d  o f  the  s p e c t r u m  c o u l d  be 
an  a r t i f a c t  o f  the  d i f f e r e n c e s  in s h o r t - w a v e  c o n e  c o n t r i b u t i o n s  and  
no t  s i m p ly  a resul t  o f  the  ab so r p t io n  o f  MP.  W e r n e r ,  D o n n e ly  and 
K le ig e l  ( 1 9 8 7 ) ,  h o w e v e r ,  h av e  s h o w n  that  the  c o m b i n a t i o n  o f  
s e l e c t iv e  a d a p ta t i o n  and  the  use  o f  a f l i cke r  p r e s e n t a t i o n  ra te  a b o v e  
the  c r i t i ca l  f l i c k e r  f r e q u e n c y  t h r e s h o ld  for  s h o r t - w a v e  c o n e s  ca n  
e l i m i n a t e  the  c o n t r ib u t io n  o f  th is  co n e  c lass .
P e a s e  an d  A d a m s  (1 9 8 3 )  an d  P ease ,  A d a m s  an d  N u c c i o  (1 9 8 7 )  
h a v e  a r g u e d  that  the  bes t  w ay  to  e s t a b l i s h  e q u i v a l e n c y  b e t w e e n  the  
f o v e a  a n d  p a r a f o v e a  is to  d e r iv e  e s t i m a t e s  o f  M P  d e n s i t y  b a s e d  up o n  
d i f f e r e n c e s  in the  spec t ra l  sens i t iv i t y  o f  a s ingl e  c o n e  r e c e p t o r  type .
T h e y  d e t e r m i n e d  d e n s i t y  v a lu e s  b a s e d  u p o n  d i f f e r e n c e s  in m i d - w a v e  
c o n e s  on ly .  It m i g h t  be that  M P  m e a s u r e m e n t s  b a s e d  u p o n  a s ingle
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r e c e p t o r  ty pe  y ie ld  u n u s u a l l y  h igh  v a lu e s ,  as  t h e i r  v a l u e s  a v e r a g e d  
to  an  op t i ca l  d e n s i t y  o f  0 .77,  w h ich  is a p p r o x im a te ly  t w ice  the  
a v e r a g e  v a l u e  g e n e r a l l y  r e p o r t e d .
A n o t h e r  d i f f i c u l ty ,  p o in t e d  ou t  by W o o t e n  (p e r s o n a l  
c o m m u n i c a t i o n ) ,  w i th  the  e q u i v a l e n c y  a s s u m p t i o n  a r i s e s  f r o m  the  
p h e n o m e n o n  o f  se l f - s c ree n in g .  C o n e s  w i th in  the  c e n t r a l  f o v e a  are  
l o n g e r  th an  c o n e s  in the  pa r a fo v e a .  C o n s e q u e n t l y ,  c e n t r a l  foveal  
c o n e s  h ave  a l o n g e r  pa th  leng th  than pa r a fo v e a l  c o n e s  an d  as a re su l t  
h av e  an  e n h a n c e d  p ro b ab i l i ty  o f  p h o to n  c a p tu r e .  U l t i m a te l y ,  this  
g iv e s  r ise to  a co n d i t i o n  w h e r e  the fov eal  region p r o d u c e s  a spec t ra l  
s en s i t i v i t y  cu r v e  that  is b r o a d e r  than that  for  the  p a r a fo v e a .  T h i s  
c o n d i t i o n  c o u l d  lead  to an u n d e r e s t im a t io n  o f  M P  dens i ty .
A d v a n t a g e s  o f  P s v c h o p h v s i c a l  M e t h o d s
In a d d i t i o n  to  the  p r i m a r y  a d v a n ta g e  o f  p s y c h o p h y s i c a l  
a s s e s s m e n t  a l l o w i n g  for  the m e a s u r e m e n t  o f  M P  as it ex i s t s  w i th in  
the  l i v in g  eye ,  these  t e c h n iq u e s  a l lo w  for r e p e a t e d  m e a s u r e s  o f  the 
p i g m e n t  to  be m a d e .  C o m p a r i s o n s  o f  these  m e a s u r e m e n t s  h av e  
s u g g e s t e d  the  p o s s ib i l i t y  tha t  M P  m i g h t  var y  on  a d a y - t o - d a y  bas is  
( H a m m o n d  an d  Fu ld ,  1992).  It is d i f f i cu l t  to  d e t e r m i n e  w h e t h e r  
d i f f e r e n c e s  in the  op t i ca l  d en s i ty  o f  M P  fo u n d  in r e p e a t e d  m e a s u r e s  
is a s o u r c e  o f  v a r ia b i l i ty  o w i n g  to an y th in g  bu t  m e a s u r e m e n t  er ro r .  
N e v e r t h e l e s s ,  r e p e a t e d  m e a s u r e m e n t s  d o  a l l o w  fo r  an  a v e r a g e  
m e a s u r e m e n t  to  be o b ta in ed .  Fur the r ,  it is r e a s o n a b l e  to  s u s p e c t  tha t  
M P  m i g h t  v a r y  in a sh o r t - t e r m  m an n er .  S n o d d e r ly ,  B r o w n ,  De lor i  
an d  A u r a n  (1 9 8 4 )  h a v e  s u g g e s t e d  that  d e n s i t y  m e a s u r e s  m i g h t  be 
i n f l u e n c e d  by the  o x ida t ive  s tate o f  the p ig m en t .  M o r e o v e r ,  s ince  M P
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is d e r i v e d  d i e t a r i l y  ( M a l i n o w ,  F e e n e y - B u r n s ,  P e t e r s o n ,  K le in  an d  
N e u r i n g e r ,  1980),  it is poss ib le  tha t  d a i ly  M P  levels  m i g h t  be  
i n f l u e n c e d  by  d i f f e r e n c e s  in s h o r t - t e r m  d i e t a r y  in t a k e  o f  
c a r o t e n o i d s .
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CHAPTER II
COMPOSITION, TRANSPORTATION AND DEPOSITION OF
MACULAR PIGMENT
C a r o t e n o i d s  in P la n t s
T h e  e l e m e n t s  th a t  c o m p o s e  M P  ( lu te in  an d  z e a x a n t h i n * )  are 
par t  o f  a c o l l e c t i o n  o f  p i g m e n t s  ca l le d  ca r o t en o id s ,  w h i c h  ar e  the  
m o s t  w i d e s p r e a d  g r o u p  o f  p i g m e n t s  in na tu re  (5 6 3  d i s t in c t  
c a r o t e n o i d s  h a v e  been ident i f i ed;  B en d ich  an d O lso n ,  1989)  . T h e s e  
p i g m e n t s  ar e  f o u n d  t h r o u g h o u t  the  h u m a n  b o d y  an d  are  o b t a i n e d  
p r in c ip a l ly  t h ro u g h  the d ie t .  F o r  ex a m p l e ,  lu te in  is f o u n d  in h igh 
c o n c e n t r a t i o n s  in p o ta to e s ,  sp in ach ,  w h e a t  a n d  p e a n u t  o il ,  w h i l e  
z e a x a n t h i n  is fo u n d  in h igh levels  in corn .  In p lan ts  (a n d  s o m e  
m i c r o - o r g a n i s m s ) ,  c a r o t e n o i d s  fu n c t io n  no t  o n l y  as  p i g m e n t s  (e .g . ,  
f l o w e r s  u s in g  p i g m e n t s  to  a t t rac t  insect s  fo r  the  p u r p o s e  o f  
p o l l i n a t i o n )  b u t  a l s o  as  e n e r g y - t r a n s f e r r i n g  a g e n t s  in p h o t o s y n t h e s i s .
T h i s  e n e r g y  t r a n s f e r e n c e  b ro a d e n s  the  s p e c t r u m  o f  l igh t  t h a t  can  
ac t i v a te  c h lo ro p h y l l .  I ron ic a l ly ,  c h lo ro phy l l  a l s o  ac ts  as  a h ig h ly  
e f f e c t i v e  p h o t o s e n s i t i z e r  for  o x y g e n - m e d i a t e d  d a m a g e  to  the  p l an t .
S in c e  c a r o t e n o i d s  a l so  q u e n c h  thes e  r eac t io n s ,  c a r o t e n o i d s  m u s t  se rve  
the  d u a l  ro le  o f  t r an s f e r r i n g  e n e rg y  to  the c h l o r o p h y l l  an d  p r o t e c t i n g  
the  p l a n t  a g a in s t  such ac t iva t i on .  P lant s  tha t  lack c a r o t e n o i d s  d u e  to
* M P  m ig h t  c o n ta in  o th e r  e le m e n ts  than  lu te in  an d  z e a x a n th in  b u t  in 
c o n s id e ra b ly  re d u c e d  m a g n i tu d e .  F o r  e x a m p le .  S n o d d e r ly  el.  al.  ( 1 9 8 4 )  
s u g g e s te d  th a t  M P  m ig h t  be c o m p o s e d  o f  tw o  c o m p o n e n t s  he  re fe r re d  to  as  P 4 1 0  
an d  P 4 3 5  (n a m e d  a c c o rd in g  to  the  w a v e le n g th  o f  th e i r  m a x i m a l  a b s o r b a n c e ) .
B o n e ,  L a n d ru m ,  H im e ,  C a in s  and  Z a m o r  (1 9 9 3 )  su g g e s te d  th a t  M P  m ig h t  a lso  be 
c o m p o s e d  o f  an  is o m e r ic  m o le c u le  c a l l e d  m c s o z e a x a n th in  th a t  m ig h t  be  
p ro d u c e d  by in vivo  c o n v e r s io n  o f  lu te in .
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m u t a g e n i c  d e f e c t  are  q u i ck ly  k i l led  (F o o te  an d  D e n n y ,  1968) .  In 
h u m a n s ,  the  ro l e  o f  c a ro t e n o id s  is less c lear .  A v a i l a b l e  e v i d e n c e ,  
h o w e v e r ,  s u g g e s t s  tha t  c a r o t e n o i d s  m a y  se r v e  f u n c t i o n s  in h u m a n  
l ife tha t  m a y  be  as  cr i t ica l  as tha t  p layed  in p h o t o s y n t h e t i c  
o r g a n i s m s .
D e p o s i t i o n  o f  C a r o t e n o i d s  W i th in  the H u m a n  B o d y
C a r o t e n o i d s  are  ab s o r b e d  f r o m  foo d s o u r c e s  w i t h i n  the  
a l i m e n t a ry  ca n a l  and d ep o s i t ed  in ad ip o se  ( i .e. ,  fat)  t i s sue  (>  8 0 % ) ,  the 
l iver  ( 1 0 % ) ,  m u s c l e  ( 2 - 3 % )  p l a sm a  (1 % )  an d  v a r io us  o t h e r  t i s su es  
( O l s o n ,  1984).  In ad d i t io n ,  c a ro t e n o i d s  ar e  i n c o r p o r a t e d  w i th in  
c e r t a i n  c e l l s  su ch  as l e u c o c y t e s  an d  e r y th r o c y t i c  m e m b r a n e s  ( P a r k e r ,  
1989) .  It m a y  n o t  be su rp r i s in g  the re fo re ,  th a t  c a r o t e n o i d s  h a v e  
b ee n  i m p l i c a t e d  in a n u m b e r  o f  c e l l u l a r - m e d i a t e d  r e s p o n s e s .  F o r  
e x a m p l e ,  c a r o t e n o i d s  h ave  been  s h o w n  to  e n h a n c e  the  i m m u n e  
r e s p o n s e  ( B e n d i c h ,  1988).  In fact ,  A l e x a n d e r ,  N e w m a r k ,  an d  M i l le r  
(1 9 8 5 )  h av e  s h o w n  that  oral  d o s e s  o f  the c a r o t e n o i d  P - c a r o t e n e  ( 1 8 0  
m g / d a y )  p r o d u c e  a d i rec t  incr eas e  in the n u m b e r  o f  c i r c u l a t i n g  T  
h e l p e r  ce l l s .
R e l a t i o n s h i p  B e t w e e n  D ie t a ry  In take  o f  C a r o t e n o i d s  a n d  B l o o d  an d  
T i s s u e  L e v e l s
G i v e n  the  p r e s e n c e  o f  c a r o t e n o id s  w i th in  the  b l o o d  an d  t i ssue ,  
i n t e r e s t  h a s  c e n t e r e d  up o n  the  r e l a t i o n s h i p  b e t w e e n  i n g e s t e d  
c a r o t e n o i d s  a b s o r b e d  f r o m  the  in te s t ina l  m u c o s a  a n d  the  a b s o l u t e  
level s  o f  t h e s e  c a ro t e n o i d s  wi th in  the  b lood an d  t i s sues .  O n e  m e t h o d  
o f  i n d i r e c t l y  a s s e s s i n g  th is  r e l a t io n s h ip  is to  d e t e r m i n e  the  r e t e n t io n  
t ime o f  c a r o t e n o i d s  w i th in  the  b o d y  in the  a b s e n c e  o f  i n g e s t e d
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c a r o t e n o i d s .  R o c k ,  S w e in s e id ,  J a c o b  and  M c K e e  (1 9 9 1 )  m a i n t a i n e d  12 
m a l e s  u p o n  a d ie t  e x t r e m e l y  low in c a r o t e n o i d s  fo r  a l i t t le o v e r  th ree  
m o n t h s .  T h e y  f o u n d  that  the  d ec l in e  in p l a s m a  c a r o t e n o i d  l ev e l s  w a s  
n o t  l i n e a r  o v e r  the  s tu d y  p e r io d  bu t  r a th e r  d e c r e a s e d  r a p id ly  a t  f i rst  
( a s  m e a s u r e d  b e t w e e n  the  2 nd  an d  3rd  d a y ) ,  a f te r  w h i c h  it 
p l a t e a u e d  fo r  a c o n s i d e r a b l e  p e r io d ,  an d  th en  d e c l i n e d  r a p id l y  ag a in  
( b e t w e e n  the  14th an d  15th day ) .  T h e y  c o n c l u d e d  that  there  w e r e  at 
leas t  t w o  b o d y  s to re s  o f  c a ro t en o id s ,  wi th  o n e  s to re  h av i n g  a m u c h  
m o r e  r ap id  t u r n o v e r  ra te  than  the  o the r .  In a d d i t i o n ,  t h ey  f o u n d  
th a t  z e a x a n t h i n  an d  lu te in  ( i .e. ,  the  p r i m a r y  c a r o t e n o i d s  th a t  c o m p o s e
M P )  h ave  high re te n t io n  in the b lood  (i .e. ,  a l on g  hal f - l i f e  for
d e p le t i o n ) .  T h u s ,  in o v e r  th ree  m o n t h s  o f  not  in g es t in g  a n y  
z e a x a n t h i n / l u t e i n ,  s u b j e c t s  still  p o s s e s s e d  4 0 %  o f  the  o r ig in a l  
z e a x a n t h i n / l u t e i n  in t h e i r  p l a s m a .
F a c t o r s  A f f e c t i n g  C a r o t e n o i d  U p t a k e
W h i l e  p l a s m a  l ev e l s  t y p i c a l ly  re f l e c t  s h o r t - t e r m  d i e t a r y  i n t a k e
(O l s o n ,  1984),  th is  is not  a pe r fec t  r e la t ions h ip .  A n u m b e r  o f  f a c to rs  
p r o b a b l y  d e t e r m i n e  the  d e g r e e  to w h i c h  c a r o t e n o i d s  a r e  a b s o r b e d  
f r o m  the  d ie t .  F o r  ex a m p l e ,  Ito,  Sasaki ,  S uzuk i  and  A o k i  ( 1 9 9 1 )  have 
s h o w n  th a t  s e r u m  l ev e l s  o f  z e a x a n t h i n  a n d  lu te in  ar e  i n v e r s e ly  
c o r r e l a t e d  wi th  s m o k in g .  F u r t he r ,  c e r t a in  d i s e a s e  s t a t e s  (e .g. ,  
h y p o t h y r o i d i s m ;  a n o r e x i a  n e r v o s a )  ar e  a s s o c i a t e d  w i th  e l e v a t e d  
s e r u m  c a r o t e n o i d  l e v e l s  ( E r d m a n ,  1988).* E r d m a n  has  s u g g e s t e d  that
* T h e  r e l a t i o n s h ip  b e tw e e n  c e r ta in  e x o g e n o u s  v a r i a b le s  an d  sc ru m  
x a n t h o p h y l l s  s u g g e s t  th e  p o s s ib i l i t y  th a t  c e r t a in  i n d i v id u a l s  m i g h t  p o s s e s s  
d i f f e r e n t  M P  le v e ls  as a re su l t  o f  th e i r  c o n d i t io n .  T h u s ,  a  n u m b e r  o f  
in t e r e s t in g  e m p i r i c a l  q u e s t io n s  c o u ld  be  a d d re s s e d :  D o  lo n g - te r m  c h a in
s m o k e r s  h a v e  lo w e r  M P  le v e l s  th an  n o n - s m o k in g  c o n t r o ls ?  D o  a n o r e x i c s  a n d
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the  f o l l o w i n g  fa c t o rs  af fec t  the d e g r e e  to  w h ic h  c a r o t e n o i d s  are  used 
w i th in  the  b o d y :  a m o u n t  o f  d i e t ar y  c a r o t e n o i d s  ( e f f i c i e n c y  o f
a b s o r p t i o n  a n d  u t i l i za t ion  d ec l in e  a t  h igh levels) ;  i n te rac t io n  wi th  
o t h e r  c a r o t e n o i d s  ( for  e x a m p le ,  M icozz i ,  B ro w n ,  E d w a r d s ,  Bierr i ,
T a y l o r ,  K h a c h i k ,  B e e c h e r  an d  Smith ,  1992,  h ave  s h o w n  th a t  (J- 
c a r o t e n e  s u p p l e m e n t s  r e d u c e  lu te in  c o n c e n t r a t i o n s  w i t h i n  the  b lo o d ) ;  
a m o u n t  o f  d i e t a r y  fat  (c a ro ten o id s  are  l ipid so lub le) ;  fa t ty  ac id  
p ro f i l e ;  d iges t ib i l i ty ;  inges t ion  o f  o the r  an t io x id an t s ;  f iber ;  p ro te in  
and z inc  d e f ic ienc ie s ;  ce r ta in  d rugs ;  h o rm o n e  s t a t u s  (e .g . ,  levels  may  
be a f f e c te d  by the  use o f  oral  co n t ra cep t iv es ) ;  an d  w e i g h t  c h a n g e .
R e l a t i o n s h i p  B e t w e e n  S e r u m  and  T i s s u e  L ev e l s  o f  C a r o t e n o i d s
E v e n  l ess  c l e a r  is the  r e la t io n s h ip  b e t w e e n  s e r u m  c a r o t e n o i d  
lev el s  an d  l ev el s  o f  c a r o t e n o id s  th a t  are  p re sen t  w i th in  t i s sue  (e .g . ,  
c a r o t e n o i d  l ev el s  in the  l iver  d o  not  vary  wi th  in take;  E rd m a n ,
1988) .  I f  the  r e l a t io n s h ip  b e tw e en  c i r c u l a t in g  l ev e l s  o f  c a r o t e n o i d s  
and t i s sue  l ev el s  is not  pu re ly  m o n o to n ic ,  it is no t  safe  to a s s u m e  that  
s i m p l y  b e c a u s e  s o m e o n e  has  h igh c i r c u l a t in g  l ev e l s  o f  s e r u m  
c a r o t e n o i d s  h e r  t i s sue  level s  are a l so  h igh.  It is c o m m o n l y  o b s e r v e d  
in p h a r m a c o l o g y  that  t i s sue  and p l a s m a  a b s o r b  m a t e r i a l  f r o m  the  
d i e t  w i th  w i d e l y  d i f fe re n t  t ime co n s t an t s .  T h u s ,  p l a s m a  l ev el s  m a y  
c h i e f l y  r e f l e c t  r e la t ive ly  r e c e n t  d i e t a r y  in take  ( O l s o n ,  1984) ,  w h i l e  
t i s sue  l ev el s  ar e  l ike ly  to re f lec t  c a ro t e n o id  in take  o v e r  a m o re  
e x t e n d e d  p e r io d  (e .g . ,  m a n y  yea rs ;  Pa rk e r ,  1989).  N o n e th e l e s s ,
P a r k e r  ( 1 9 8 9 )  has  p ro v i d e d  s o m e  p r e l i m i n a r y  d a t a  ( e i g h t  f e m a l e s )
i n d iv id u a l s  w i th  h y p o th y r o id i s m  hav e  h ig h e r  M P  lev e ls?  W o m e n  w h o  lo se  
t h e i r  m e n s t r u a l  c y c le  d u e  to  w e ig h t  lo s s  o f t e n  h a v e  e le v a te d  c a r o t e n o id  sc ru m  
lev e ls  (E rd m a n ,  1988). Do th ese  w o m en  hav e  h ig h e r  lev e ls  o f  M P ?
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t h a t  i n d i c a t e s  a m o d e r a t e  r e l a t i o n s h i p  b e t w e e n  f a s t i n g  s e r u m  l ev e l s  
an d  c a r o t e n o i d  c o n c e n t r a t i o n s  w i th in  fa t ty  b re as t  t i ssue .  T h u s ,  one  
p u r p o s e  o f  the  p r e s e n t  s t u d y  is to  e x a m i n e  the  r e l a t i o n s h i p  b e t w e e n  
c i r c u l a t i n g  l ev e l s  o f  z e a x a n th in  a n d  lu te in  w i th in  the  p l a s m a  an d  
w i th in  the  re t i na  o f  the  eye .
R e l a t i o n s h i p  B e t w e e n  S e r u m  and  T i s su e  L ev e l s  o f  C a r o t e n o i d s :  
T r a n s p o r t a t i o n  W i t h i n  the  S e r u m
An e x a m i n a t i o n  o f  th is  r e l a t io n s h ip  m i g h t  h e l p  e l u c i d a t e  s o m e  
o f  the  m e c h a n i s m s  o f  c a r o t e n o i d  m e t a b o l i s m  w i th in  the  body .  W h i l e  
an  e n o r m o u s  a m o u n t  is k n o w n  a b o u t  the  c h e m i s t r y  o f  c a r o t e n o i d s  in 
v i t ro ,  l i t t le is k n o w n  re g a rd in g  the  m e t a b o l i s m  or  fu n c t i o n s  o f  
c a r o t e n o i d s  in v ivo .  In fac t ,  the pr inc ipa l  m e tab o l i c  p a t h w a y s  fo r  the 
c a r o t e n o i d s  are  c o m p l e t e l y  u n k n o w n .  It is k n o w n ,  h o w e v e r ,  th a t  no  
s p ec i f i c  c a r r i e r  p ro te in  ex i s t s  in the p l a s m a  fo r  c a r o t e n o i d s  (O l s o n ,  
1984 ) .  R a th e r ,  c a r o t e n o i d s  a p p e a r  to be t r a n s p o r t e d  via  h i g h - d e n s i t y  
an d  l o w - d e n s i t y  l i p o p ro t e in s  (e .g . ,  lu te in  is t r a n s p o r t e d  
a p p r o x i m a t e l y  e q u a l ly  b e tw e e n  L D L  and H D L ;  Parke r ,  1989) .
R e l a t i o n s h i p  B e t w e e n  S e ru m  and T i s s u e  L ev e l s  o f  C a r o t e n o i d s :  
S e l e c t i v e  D e p o s i t i o n  o f  Z ea x an th in  and  Lu te i n  W i th in  the  Ev e
G i v e n  that  they  d i f f e r  by  o n ly  a s ingle  d o u b l e  bond ,  the fac t  
t h a t  z e a x a n t h i n  a n d  lu te in  are  d i s t r i b u t e d  d i f f e r e n t l y  w i t h i n  the  
c e n t r a l  re t ina  in d ica te s  a h igh d e g r e e  o f  s e lec t iv i ty  in the  d e p o s i t i o n  
o f  c a r o t e n o i d s  w i th in  the  eye .  It has  been s u g g e s t e d  th a t  this  
d i f f e r e n c e  in d i s t r i b u t i o n  w i th in  the  re t i na  re f l e c t s  the  f a c t  tha t  
lu te in  an d  z e a x a n t h i n  are  both  p r e f e r e n t i a l ly  a s s o c i a t e d  w i th  a 
c e r t a i n  c o n e  ty p e  (S n o d d e r ly ,  H a n d e l m a n  and A d le r ,  1991) .  W h i l e
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th is  is o n ly  c o n je c tu r e ,  it is k n o w n  that  spec i f i c  c a r o t e n o i d s  are  
d e p o s i t e d  in spec i f ic  l o ca t ions  t h ro u g h o u t  the  b o d y  (e .g . ,  P - c a r o t e n e  
w i t h i n  the  c o r p u s  lu teu m ) ,  i n d ica t ing  an ove ra l l  s p e c i f i c i ty  in t i s sue  
d e p o s i t i o n .  K a r n a u k h o v  (1 9 9 0 )  has  s h o w n  th a t  c a r o t e n o i d s  t e n d  to 
a c c u m u l a t e  in h y p o x ic  a reas  w i th in  the  body .  C o n s e q u e n t l y ,  he  has  
h y p o t h e s i z e d  th a t  c a r o t e n o i d s  m i g h t  se rv e  an  a d a p t i v e  f u n c t i o n  
(p o s s i b l y  as an  o x y g e n  d e p o t  s y s t e m )  fo r  an im a l  ce l l s  tha t  are  
s u b je c t e d  to  an o x ic  co n d i t i o n s .  T h u s ,  it has  been  s p e c u la t e d  that  
a c c u m u l a t i o n  o f  c a r o t e n o i d s  wi th in  the  cent ra l  re t i n a  m a y ,  in par t ,  be 
d u e  to  the  r e l a t iv e ly  h y p o x ic  c o n d i t i o n s  tha t  ex i s t  ther e  ( D a r tn a l l  a n d  
T h o m s o n ,  1949).  Indeed,  o n e  o f  the  h y p o th es i ze d  ro les  fo r  M P  
( w h i c h  wi l l  be  m o re  fu l ly  d i s cu s s ed  in a la ter  s e c t i o n )  d e a l s  w i th  the  
po s s ib i l i t y  tha t  the  p i g m e n t  m ig h t  a ide  in o x y g e n  u t i l i za t ion .  T o  
e x t e n d  th is  r e a s o n i n g ,  h o w e v e r ,  o n e  m u s t  w o n d e r  w h y  z e a x a n t h i n  
a n d  lu te in  are  p r e f e r e n t i a l ly  a b s o r b e d  wi th in  the  f o v e a  to  the  
e x c l u s i o n  o f  all  o t h e r  c a ro t e n o i d s  ( w i th  h igh ly  s i m i l a r  m o l e c u l a r  
c o n f i g u r a t i o n s ) .  S n o d d e r l y ,  H a n d e l m a n  and  A d l e r  ( 1 9 9 1 )  h a v e  
s u g g e s t e d  that  th is  m i g h t  be e x p l a i n e d  by the  p r e s e n c e  o f  t w o  p o la r  
h y d r o x y l  g r o u p s  p re s en t  on z e a x a n t h i n  an d  lu te in  m o l e c u l e s .  T h e s e  
h y d r o x y l  g r o u p s  m i g h t  a ide  the  m o l e c u l a r  o r i e n t a t i o n  w i t h i n  r e t ina l  
t i s sue .  T h i s  d i c h r o i c  o r i en t a t i o n  has  been  s h o w n  to  e n h a n c e  the  
p h o t o p r o t e c t i v e  a b i l i ty  o f  the  p i g m e n t  ( H a n d e l m a n ,  S n o d d e r l y ,  
K r i n s k y ,  R u s s e t t  and A dler ,  1991).
F u n c t i o n s  o f  C a ro t e n o i d s  With in  the Bodv:  P ro v i t a m in  A and
A n t i o x i d a n t  F u n c t i o n s
T h e  o n ly  c o n c lu s iv e  e v id e n c e  o f  the  fu n c t i o n s  o f  c a r o t e n o i d s  
w i th in  the  b o d y  deal  wi th  the i r  p r e c u r s o r  role in the  f o r m a t i o n  o f
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v i t a m i n  A.* It is s igni f icant ,  h ow ever ,  tha t  o f  the  c a r o t e n o i d s  tha t  
can be fo u n d  wi th in  the b o d y  less than 10% se rve  th is  func t i on .  An 
e n o r m o u s  a m o u n t  o f  in fe r en t i a l  e v i d e n c e  h a s  s u g g e s t e d  th a t  
c a r o t e n o i d s  ac t  in a n u m b e r  o f  o th e r  c apac i t i e s ,  n a m e l y ,  as  e f f i c i e n t  
a n t i o x i d a n t s .  It is w i d e l y  b e l i ev ed  that  c a r o t e n o i d s  p r o t e c t  a g a in s t  
o x i d a t i v e  f r ee  radica l  d a m a g e  to  l ip ids ,  p ro te in s  and  n u c le ic  ac ids .
L ig h t  ( i .e. ,  r a d ia t io n )  is mu tagen ic .  T he  h ig h e r  the  e n e r g y  o f  the  
r a d ia t io n ,  the  m o r e  h igh ly  m u t a g e n i c  it b e c o m e s  (w h i c h  m a y  e x p la in  
the  e v o l u t i o n a r y  ut i l i ty  o f  the  p re fe re nt ia l  a b s o r p t i o n  by M P  o f  
s h o r t - w a v e  l ight) .  W h e n  rad ia t ion  is ab s o r b e d  by a ce l l ,  it is 
a b s o r b e d  by the  a t o m s  that  it e n c o u n te r s ,  i m p a r t i n g  e n e r g y  to
e l e c t r o n s  w i th in  t he i r  o u t e r  shel ls  an d  c a u s i n g  th e s e  e l e c t r o n s  to  be
e j e c t e d  f rom  the  a to m s .  T h e s e  " ionized"  a to m s  are  ca l l ed  f ree  
r a d i c a l s  a n d  they  are  i n t r in s ic a l ly  un s t a b l e  b e c a u s e  t h e y  p o s s e s s  
u n p a i r e d  e l e c t r o n s  in the i r  o u t e r m o s t  shel l .
O x y g e n  a to m s  a lso  lack e l ec t ro ns  in t he i r  o u t e r m o s t  shell .  
C o n s e q u e n t l y ,  o x y g e n  m o l e c u l e s  re ad i ly  b o n d  wi th  o t h e r  e l e m e n t s  in 
o r d e r  to  r e s to r e  the i r  full  c o m p l e m e n t  o f  e l e c t ro n s  (a  he lp fu l  
a t t r i b u t e  w h e n  c o n s i d e r i n g  the  f u n d a m e n t a l  p r o c e s s  o f  r e s p i r a t i o n ) .
W h e n  an o x y g e n  m o lecu le  fa il s  to bond,  h o w e v e r ,  it too  b e c o m e s
i n t r i n s ic a l l y  u n s tab le .  A c t i v a t e d  o x y g e n  is h i g h ly  d e s t r u c t i v e  
( H e n d r y ,  1992; Mi l le r ,  1987)  and r ead i ly  a t t a c k s  p h o s p h o l i p i d  
m e m b r a n e s  ( in a p ro c e s s  k n o w n  as  l ipid p e r o x id a t io n ) .  T h e  re t i n a  is
* A p p r o x im a te l y  50  c a ro t e n o id s  h a v e  b e en  id e n t i f ie d  th a t  s e rv e  as  p r e c u r s o r s  
to  V i ta m in  A. C a ro te n o id s ,  h o w e v e r ,  d o  no t have  th e  sa m e  p o te n t ia l  as  V i tam in  
A fo r  o v e r d o s e  and  to x ic  s id c -c f f e c ts  (H a th c o c k ,  H a l lan ,  J e n k in s ,  M c D o n a ld ,  
S u n d a r e s a n  an d  W i lk e n in g ,  1990).  N o n e th e le s s ,  m a s s iv e  in g e s t io n  o f  c e r t a in  
c a r o t e n o id s  c a n  c a u s e  a y e l lo w in g  o f  the  sk in  k n o w n  as  c a r o t c n e m i a  o r  
x a n t h e m i a .
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h i g h l y  s u s c e p t ib l e  to  d a m a g e  bo th  f r o m  free  ra d ic a l s  a n d  f r o m  
a c t i v a t e d  o x y g e n  ( r e fe r r ed  to as  s ing le t  o x y g en ) .  Th i s  is b e c a u s e  the 
m e m b r a n e s  o f  th e  o u t e r  s e g m e n t s  c o n t a i n  the  h i g h e s t  c o n c e n t r a t i o n  
o f  p o l y u n s a t u r a t e d  fa t ty  ac ids  ( P U F A )  w i th in  the  bo d y  a n d  ar e  u n d e r  
e x t r e m e l y  high o x i d a t i v e  s t re ss  ( th e  r e t i n a  has  the  h i g h e s t  o x y g e n  
n e e d s  o f  the  b o d y )  m a k i n g  th is  reg io n  p a r t i c u la r ly  s u s c e p t i b l e  to  the  
d a m a g i n g  e f f ec t s  o f  l ip id  p e ro x id a t io n *  in the  p re sence  o f  l ight  
( G e r s t e r ,  1991; G u l c a n ,  A lv a r ez ,  M a u d e  and  A n d e r s o n ,  1993).  In 
ad d i t i o n ,  the  r isk o f  ac t in ic  d a m a g e  to  the  re t i na  is e x a c e r b a t e d  by 
the  p r e s e n c e  o f  e l e m e n t s  tha t  "se ns i t i ze "  the t i s sue .  F o r  i n s t an ce ,  
t h e re  is e v i d e n c e  (N o e l l ,  1980) tha t  the  p h o t o p i g m e n t  f o u n d  in the  
n o n - m e m b r a n o u s  d i s c s  o f  the  o u t e r  s e g m e n t s  ac ts  as a h i g h ly  
e f f e c t i v e  p h o t o s e n s i t i z e r .
T h e  c h e m i c a l  c o n f ig u r a t i o n  o f  c a r o t e n o i d s  m a k e  t h e m  h i g h ly  
e f f e c t i v e  at  b r e a k in g  u p  f ree  rad ica l  ch a in  r e ac t io n s .  C a r o t e n o i d s  are  
c a r b o n  r i n g  c o m p o u n d s  l i nked  to  c h a in s  tha t  p o s s e s s  a l t e r n a t in g  
s i n g l e  a n d  d o u b l e  b o n d s .  T h i s  e x t e n d e d  c o n j u g a t e d  d o u b l e - b o n d  
s y s t e m  o f  c o n n e c t e d  c a r b o n  an d  h y d ro g e n  a t o m s  a l lo w  th e s e  
c o m p o u n d s  to  f o r m  e x t r e m e l y  s tab le  p e r o x y  r a d i c a l s  ( m e a n i n g  th a t  a 
l o n e  e l e c t r o n  c a n  be d e l o c a l i s e d  t h r o u g h o u t  the  p o l y - i s o p r e n y l  c h a in ;  
B u r t o n ,  1989) ,  t h e r e b y  b r e a k i n g  ra d ic a l  c h a in  r e a c t i o n s  ( T e r a o ,
1 9 8 9 ) .
* I f  f ree  ra d ic a ls  a n d /o r  s in g le t  o x y g e n  m o le c u le s  a re  no t  q u e n c h e d ,  th e re  is  a 
h ig h  p ro b a b i l i t y  t h a t  th e y  w ill  a t t r a c t  h y d ro g e n  a to m s  w ith in  P U F A - r i c h  
p h o t o r e c e p t o r  m e m b r a n e s .  T h e  w i th d r a w a l  o f  the  h y d ro g e n  a to m  w il l  c o n v e r t  
th e  P U F A  in to  an o rg a n ic  rad ica l  th a t  m ay  th e n  re a c t  in a s im i la r  m a n n e r  w ith  
a d ja c e n t  P U F A  m o le c u le s  and  a l t e r  th e  in te g r i ty  o f  th e  m e m b ra n e .  T h is  
s e q u e n t i a l  p ro c e s s  is  r e f e r re d  to as l ip id  p e ro x id a t io n .
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T h e  ab i l i ty  o f  c a r o t e n o i d s  to  p ro t ec t  a g a in s t  p h o t o - i n d u c e d  
d a m a g e  has  bee n  d e m o n s t r a t e d  bo th  in v i t ro  and in v ivo  ( D a v i e s ,  
1991; K isch fe ld ,  1982; T er ao ,  1989; Ben d ich ,  1988; B en d ich  and 
O l s o n ,  1989;  K ri nsky ,  1988; Krinsky,  1993; Bur ton ,  1988).  F o r  
e x a m p l e ,  K r i n s k y  an d  D e n e k e  ( 1 9 8 2 )  h av e  s h o w n  that  c a r o t e n o i d s  
a r e  c a p a b l e  o f  i n h ib i t i n g  f r e e - r a d i c a l - i n d u c e d  l ip id  p e r o x i d a t i o n  as 
w e l l  as  s i n g l e t  o x y g e n - i n d u c e d  l ipid p e r o x id a t io n  in l i p o s o m e  
p r e p a r a t i o n s  (i .e. ,  an in v i t ro  m od el ) .  W h i te ,  K im ,  K a lk w ar f ,  B u s to s  
a n d  R o e  ( 1 9 8 8 )  h av e  s h o w n  that  e x p o s i n g  the  a n t e r i o r  an d  p o s t e r io r  
s id es  o f  subjec ts '  b od ies  (an in v i vo  m o d e l )  to  u l t r av io l e t  r a d ia t io n  
p r o d u c e s  s ig n i f i c an t  r e d u c t io n s  in p l a s m a  c a r o t e n o i d  levels .  W h i t e  et 
al.  h y p o t h e s i z e d  that  this r ed u c t io n  is d u e  to the  u t i l i za t io n  o f  p l a s m a  
c a r o t e n o i d s  in q u e n c h i n g  f ree  ra d ic a l s  an d  s in g le t  o x y g e n .
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CHAPTER III
DISTRIBUTION AND ABSORPTION CHARACTERISTICS OF
MACULAR PIGMENT
A n a t o m y  o f  the R e t ina
T h e  l a m i n a t e d  s e n s o ry  re t ina  is c o m m o n l y  s e p a r a t e d  in to  t h ree  
n u c l e a r  laye r s  an d  th ree  ne r v e  l ayer s  ( N e w e l l ,  1992).  T h e  th ree  
n u c l e a r  l aye r s  ar e  typ i ca l ly  d iv id ed  in to  (1 )  the  o u t e r  n u c l e a r  l a y e r  
( w h i c h  co n ta in s  the  nuc le i  o f  p h o to re c ep to r s ) ;  (2 )  the  i n n e r  n u c l e a r  
l ay e r  ( c o n ta i n in g  the  nucle i  o f  b ipo la r ,  ho r izo n ta l ,  a m a c r i n e  an d
M u l l e r  ce ll s ) ;  and (3)  the g a n g l ion  cell  l ayer  co n t a i n i n g  the  nucle i  o f
the  g a n g l i o n  ce l ls .  T h e  three  ne rve  l aye rs  are  d iv id e d  in t o  (1)  the  
o u t e r  p l e x i f o r m  layer*  ( the  reg io n  o f  s y n ap s e  b e t w e e n  
p h o t o r e c e p t o r s  an d  the  d e n d r i t e s  o f  b ip o l a r  and h o r i zo n ta l  ce l l s ) ;  (2)  
the  i n n e r  p l e x i f o r m  l ay e r  ( t he  re g io n  o f  s y n a p s e  b e t w e e n  b i p o l a r  
ce l l s ,  a m ac r in e  ce l ls  and gang l ion  ce lls );  and,  f ina l ly ,  (3)  the  op t i c
n e r v e  f iber  layer  ( c o m p o s e d  o f  ax o n s  o f  g a n g l io n  ce l ls ) .  In ad d i t io n ,
the  r e t i n a  is t o p o l o g ic a l l y  d i v i d e d  in to  the  ce n t r a l  an d  p e r ip h e ra l  
r e t ina .  T h e  ce n tr a l  re t ina  is a p p r o x im a te ly  4.5 m m  in d i a m e t e r  
( N e w e l l ,  1992)  a n d  is o f t en  re fe r r ed  to as the  m a c u l a  lu tea  ( b e in g  
n a m e d  a f t e r  its y e l l o w  c o lo ra t io n  d u e  to  the  p re sen ce  o f  M P ).  T h e  
cen tr a l  2 m m  o f  th is  ar ea  is refer r ed  to as the  fovea .  T h e  fo v e o la  (or  
f o v e a  ce n t r a l i s )  re fe rs  to the ce n te r  o f  the  fovea  a n d  is an  ar ea  
d o m i n a t e d  e x c lu s i v e ly  by d e n s e ly  p ac k ed  co n e  ce l l s  ( t h e  o u t e r  
s e g m e n t s  o f  w h ich  are  t h in n e r  and  lo n g e r  than c o n e s  o u t s id e  o f  this
* T h is  r e g io n  is te rm e d  the  H en lc  l ib e r  la y e r  w h en  re f e r r in g  to  the  o u te r  
p l e x i f o r m  la y e r  w i th in  th e  c e n t r a l  re t in a .
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a rea ) .  T h i s  a r ea  is nu r tu re d  sole ly  by cap i l l a r i e s  w i th in  the  d o r sa l  
c h o r io c a p i l l a r i s .  T h e  b ra n ch es  o f  the  cent ra l  r e t ina l  a r te ry  d o  not  
re ach  th is  spot  (i .e. ,  the mac u la ) .  T h e  p ig m e n t  e p i t h e l i u m  is l o ca ted  
p o s t e r i o r  to  the  p h o t o r e c e p t o r  ce l l s  (i .e. ,  j u s t  b e h i n d  the  
p h o t o r e c e p t o r  o u t e r - s e g m e n t s )  an d  f u n c t i o n s  p r i m a r i l y  in m e t a b o l i c  
d e g r a d a t i o n  o f  re t ina l  w a s t e  p ro d u c t s  (e .g. ,  s h e d d e d  d i s c s )  an d  the  
a b s o r p t i o n  o f  sca t t e re d  l ight.  F ina l ly ,  a l ay er  o f  c o n n e c t i v e  t i s sue  
c a l l e d  B r u c h ' s  m e m b r a n e  j o i n s  the  re t ina l  p i g m e n t  e p i t h e l i u m  a n d  
c h o r o i d .
D i s t r i b u t io n  o f  M a c u l a r  P ig m e n t
In ad d i t i o n  to  the or ig inal  iden t i f i ca t ion  o f  M P  as  a x a n t h o p h y l l  
( W a l d ,  194 5)  and the  la ter  H P L C  ana ly s i s ,  w h i c h  d e m o n s t r a t e d  th a t  
M P  w a s  c o m p o s e d  o f  the x an th o p h y l l i c  c o m p o u n d s  z e a x a n t h i n  an d  
lu te in  ( B o n e ,  L a n d r u m  and Tar s is ,  1985) ,  s t u d i e s  h av e  been  
c o n d u c t e d  in o r d e r  to  a s c e r t a in  the  d i s t r i b u t io n  o f  t h e s e  s u b s t a n c e s  
w i th in  the  re t ina .  S n o d d e r ly ,  B r o w n ,  De lor i  an d  A u r a n  (1 9 8 4 )  f o u n d  
th a t  M P  w a s  m o s t  d e n s e  w i th in  the  o u t e r  p l e x i f o r m  l ay e r  w i th in  the  
c e n t e r  o f  the  fo v e o la  an d p re s en t  but  less  d e n s e  w i th in  the  i nne r  
p l e x i f o r m  layer .  T h i s  ra t io c h a n g e d  wi th  ec c e n t r i c i t y  su ch  that  n e a r  
the  e d g e  o f  the  fo v e a l  d e p r e s s i o n  the  d en s i ty  w i th in  the  i n n e r  
p l e x i f o r m  lay e r  is as  h igh,  o r  h ighe r ,  than the  d e n s i t y  in the  o u t e r  
p l e x i f o r m  layer .  S n o d d e r l y ,  A u ra n  and  De lo r i  ( 1 9 8 4 )  s h o w e d  f u r th e r  
tha t  M P  a l w a y s  p e a k e d  in the  c e n te r  o f  the  f o v e o l a  an d  d e c r e a s e d  to 
a l o w  c o n s t a n t  at  ab o u t  1 m m  e c cen t r i c i t y  ( a b o u t  4  d e g r e e s  o f  v i sual
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a n g l e ) . *  H a n d e l m a n ,  Dra tz ,  R eay  and van Kui jk  (1 9 8 8 )  later  
d e m o n s t r a t e d  that  w h e r e a s  lu te in  and  z e a x a n t h i n  are  f o u n d  in 
e s s e n t i a l l y  e q u a l  q u a n t i t i e s  w i th in  the  re t i n a  ( a p p r o x i m a t e l y  5 6 %  
lu te i n  and  4 4 %  z e a x a n t h i n ) ,  z e a x a n th in  d o m i n a t e s  the  ce n t r a l  fo v ea l  
r e g io n ,  w h i le  lu te in  is d i s p e r s e d  t h r o u g h o u t  the  re t i n a  at  low  
c o n c e n t r a t i o n s .  T h i s  fac t  led Bone,  L a n d r u m ,  F e r n a n d e z  and T a r s i s  
( 1 9 8 5 )  to c o n c l u d e  th a t  z e a x a n t h i n  w a s  p r e f e r e n t i a l l y  a s s o c i a t e d  
wi th  co n es ,  a n d  lutein w a s  a ssoc ia te d  wi th  rods .  B one  et .  al .  p o in ted  
o u t  t h e  c l o s e  c o r r e s p o n d e n c e  b e t w e e n  l u t e i n / z e a x a n t h i n  r a t i o s  
p lo t t e d  ag a in s t  ro d / c o n e  ra t ios  as a fu n c t i o n  o f  e c c en t r i c i t y .  A la ter  
s t u d y  by S n o d d e r l y ,  H a n d e l m a n  and A d l e r  (1 9 9 1 ) ,  h o w e v e r ,  
p r o v i d e d  e v i d e n c e  th a t  d e m o n s t r a t e d  th a t  lu te in  a l s o  p e a k s  in the  
ce n t r a l  re tina.  S ince  rods  are c l ea r l y  ab s e n t  in this  r e g io n ,  this  
s e r v e d  to d i s p r o v e  the  B o n e  et.  al. h y p o th es i s .  Ins tead ,  S n o d d e r l y  et.  
al. s u g g e s t e d  that  z e a x a n t h i n  and lu te in  m ig h t  be  p r e f e r e n t i a l l y  
a s s o c i a t e d  wi th  ce r t a i n  c o n e  types .  T he  fac t  tha t  z e a x a n t h i n  an d  
lu te in  are  d i s t r i b u t e d  so  se l ec t iv e ly  w i th in  the  r e t ina ,  d e s p i t e  t he i r  
m o l e c u l a r  s im i l a r i t y  (i .e. ,  they d i f f e r  onl y  in the  p l a c e m e n t  o f  a s ingle  
d o u b l e  b o nd) ,  s u g g e s t s  a h igh ly  s e lec t iv e  m e c h a n i s m  fo r  d e p o s i t i o n .
* T h e  d i s t r i b u t io n  an d  sp e c t ra l  a b so rp t io n  o f  M P  h as  s u g g e s te d  th e  p o s s ib i l i t y
tha t  th e  s h a d o w  o f  M P  m ig h t  be the  b a s is  fo r  the  p e rc e p t io n  o f  an c n to p ic  
p h e n o m e n o n  k n o w n  as M a x w e l l 's  spot.  M a x w e l l 's  spo t c a n  be  s ee n  by
a l t e r n a t e ly  v ie w in g  a s u r fa c e  th r o u g h  y e l lo w  an d  b lue  f i l t e rs .  T y p ic a l ly ,  the
spo t  is  seen  as  a d a rk ,  i r r e g u la r  shap e .  H o w e v e r ,  u n d e r  o p t im a l  c o n d i t io n s ,  the  
spo t  c a n  be re s o lv e d  in to  sev e ra l  d is t in c t  bu t ra th e r  ra g g e d  r in g s ,  s im i la r  to  a 
b u l l 's  e y e  p a t t e rn  (B c n n c t  an d  R a b b c t t s ,  1984).
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I n t e r o c u l a r  D i f f e r e n c e s  in M a c u la r  P i g m e n t  D e n s i t y
T h e  e x a m i n a t i o n  o f  i n t e ro c u la r  d i f f e r e n c e s  in M P  d e n s i t y  m ig h t  
c o n t r i b u t e  to o u r  k n o w l e d g e  o f  the  t r an s p o r t  a n d  d e p o s i t i o n  o f  
c a r o t e n o i d s  w i th in  the  m acu la .  H a m m o n d  and  F u ld  ( 1 9 9 2 )  fo u n d  
that  the  a m o u n t  o f  M P  in one  e y e  w as  g e n e ra l ly  the  s a m e  as tha t  
fo u n d  w i th in  the  o th e r  eye .  A l t h o u g h  in t e r o c u la r  d i f f e r e n c e s  in M P  
d e n s i t y  w e r e  fo u n d  for  t w o  o f  the  ten su b jec t s  they  w e r e  so  s l ig h t  as 
to be  o f  q u e s t io n a b le  b io logica l  s igni f icance .  T h e  f ind ing  o f  c lo se  
a g r e e m e n t  in the  p i g m e n t  d e n s i ty  b e t w e e n  the  t w o  e y e s  o f  h u m a n s  
s u p p o r t s  the  c o n c lu s i o n  o f  the p r im a te  s tu d y  c o n d u c t e d  by 
H a n d e l m a n  et.  al. (1 9 9 1 )  tha t  the  up take  and d e p o s i t i o n  o f  M P  wi th in  
the  m a c u l a  is h igh ly  se l ec t ive  and  u n d e r  t igh t  b io lo g ic a l  co n t ro l .
A b s o r p t i o n  S p e c t r u m  o f  M a c u la r  P ig m e n t
T h e  w a v e l e n g t h - d e p e n d e n t  a b s o r p t i o n  o f  l ight  by  M P  has  bee n  
wel l  e s t a b l i s h e d  an d  is the  cent ra l  tenet  by w h ic h  m o s t  o f  the  
h y p o t h e s e s  r e g a r d i n g  M P  w i th in  the  e y e  d e p e n d .  T h e  a b s o r b a n c e  
s p e c t r u m  o f  M P  has  been d e t e r m in e d  bo th  by  p s y c h o p h y s i c a l  s tu d i e s  
an d  by  m i c r o s p e c t r o p h o t o m e t r y  (M S P ) .  T h e s e  c u r v e s  a r e  ty p i c a l ly  
g e n e r a t e d  by m e a s u r i n g  ac t ion sp ec t r a  in the  f o v e a  a n d  p a r a f o v e a  
an d  th e n  d e r iv i n g  a d i f f e r e n c e  sp ec t r u m .  F ig u re  2 i l lu s t r a t e s  the  
d i f f e r e n c e  s p e c t r u m  as m e a s u r e d  by the  t e c h n i q u e  u sed  in o u r  lab  
( H a m m o n d  and Fu ld ,  1992).  T h e  d a ta  w e r e  n o rm a l i z e d  by  a s ca la r  to 
0 .5 0  a t  Imax = 4 6 0  n m  (w h ic h  r e p r e s e n t s  the  w a v e l e n g t h  o f  m a x i m a l  
a b s o r p t i o n  by the  p ig m e n t )  for  d i rec t  c o m p a r i s o n  wi th  M S P  on  f ixed  
t i s su e  an d  o t h e r  p u b l i s h e d  p s y c h o p h y s i c a l  d a t a  c o m m o n l y  u sed  as  a 
t e m p l a t e  ( W y s z e c k i  and  St i les,  1982).  S n o d d e r l y  ( p e r s o n a l
c o m m u n i c a t i o n )  has  s u g g e s t e d  that  m e a s u r e m e n t s  m a d e  o n  f r e s h  
t i s sue  w o u l d  p ro v id e  an  even  be t t e r  fit.  A s  d e m o n s t r a t e d  in the  
f i g u re ,  o u r  p s y c h o p h y s i c a l  t e c h n i q u e  c o m p a r e s  we l l  w i th  b o th  the  
t e m p l a t e  and  in situ m e a s u r e m e n t s  ( S n o d d e r ly  et .  al . ,  1984) .  T h i s  
s e r v e s  to  v e r i f y  tha t  the  p r o c e d u r e s  an d  s t i m u l u s  c o n d i t i o n s  in the  
p r e s e n t  s tu d y  are  su f f i c i e n t  to  o b ta in  re l i a b le  m e a s u r e m e n t s  o f  M P  
d e n s i t y .
CHAPTER IV
PUTATIVE FUNCTIONS OF MACULAR PIGMENT
A c u i t y  H y p o t h e s i s
T h e  f irs t  h y p o t h e s e s  r e g a rd in g  the  fu n c t io n  o f  M P  w e r e  b a se d  
on  its d i s t r i b u t i o n  pro f i l e s  and a b s o r p t io n  ch a rac te r i s t i c s .  T h u s ,  the  
fac t  tha t  M P  is loca l i ze d wi th in  that  reg io n  o f  the  re t i na  w h e r e  
p h o t o r e c e p t o r s  ar e  the  m o s t  c lo s e ly  spaced ,  w h e r e  th e re  is the  leas t  
a m o u n t  o f  neu ra l  c o n v e r g e n c e  and  w h e re  o u r  m o s t  a c u te  v i s ion  
o c c u r s ,  s u g g e s t e d  the  poss ib i l i ty  tha t  M P  m i g h t  a ide  in acu i ty .  
C o n s i s t e n t  w i th  th is  v i ew  is the  o b s e r v a t io n  that  M P  p r e f e r e n t i a l l y  
a b s o r b s  l igh t  th a t  is p o o r ly  fo c u s e d  o w i n g  to  c h r o m a t i c  ab e r r a t i o n .  In 
e s s e n c e ,  w h e n  b r o a d - b a n d  l ight is i n c id en t  upo n  the  e y e  an d  is 
r e f r ac t ed  by a lens  c o m p o s e d  o f  a s ingle  mater ia l  (e .g . ,  t he  c r y s ta l l i n e  
lens ) ,  l i gh t  o f  s h o r t e r  w a v e l e n g t h s  is r e f r ac ted  c o n s i d e r a b l y  m o re  
than  l igh t  o f  l o n g e r  w a v e len g th s .  T h i s  is r e fe r r ed  to  as  lo n g i tu d in a l  
c h r o m a t i c  ab e r r a t i o n  ( t o  d i s t in g u i s h  it f r o m  axia l  c h r o m a t i c  
a b e r r a t i o n ,  w h i c h  re fe rs  to  l ight tha t  is d i s p l a c e d  la te ra l ly ) .
K r e u z e r  an d  S iv a k  (1 9 8 5 )  h av e  s h o w n  that  c h r o m a t i c  
a b e r r a t i o n  i n c r e a s e s  d ra m a t i c a l l y  b e l o w  5 0 0  n m  an d  th a t  the  ac t  o f  
a c c o m m o d a t i o n  s e r v e s  to  i n c re a se  th is  d i f f e r e n t i a l  r e f r a c t io n  
( a p p r o x i m a t e l y  2 %  p e r  d i o p t e r  o f  h u m a n  a c c o m m o d a t i o n ) .  T h i s  
c o n d i t i o n  is e x a c e r b a t e d  by the  fac t  tha t  ac u i ty  fo r  s h o r t - w a v e  l igh t  
is w o r s e  than fo r  m i d - a n d - l o n g  w a v e  l ight  b ec au s e  o f  n e u r a l  f a c to r s  
as  wel l  as d iop t r i c  fac to rs  (P o k o rn y ,  G r a h a m  an d  L a n s o n ,  1968) .
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K r e u z e r  a n d  S iv a k  (1 9 8 5 )  h ave  p o in ted  out ,  h o w e v e r ,  tha t  s o m e  
s p e c i e s  h a v e  a p p a r e n t l y  a d a p te d  to  the  p r o b l e m  o f  c h r o m a t i c  
a b e r r a t i o n  by the  e v o lu t io n  o f  ye l low  fi lters .  F o r  e x a m p l e ,  they  
s u g g e s t  tha t  the  y e l l o w  c o r n e a  o f  the  per ch  s u b s t a n t i a l ly  r e d u c e s  the  
w h o le  e y e  c h r o m a t ic  ab e rr a t i on  for  tha t  spec ies .  S in c e  M P  is a 
y e l l o w  f i l te r  in the  h u m a n  eye ,  it has  been  c o m m o n l y  p r o p o s e d  that  
M P  m i g h t  e n h a n c e  vi sual  ac u i t y  by a b s o r b in g  b ad ly  f o c u s e d  s h o r t ­
w a v e  l ight .
R e a d i n g  and W e a l e  (1 9 7 4 )  d id  a theore t ic a l  a n a ly s i s  o f  this 
h y p o t h e s i s  an d  ca lc u l a t e d  that  the a b s o r b a n c e  o f  M P  w a s  s u f f i c i e n t  
to  r e d u ce  the  v io le t  p e n u m b r a  o f  a w h i t e  d i sc  to  t h r e s h o ld  levels .
T h i s  a n a ly s i s  a lone ,  h o w e v e r ,  is not  su ff ic ient  to p ro ve  that  M P  
ac tu a l ly  a ides  v isual  acui ty .  Fi rs t  o f  all ,  as p o in ted  ou t  by W o o t e n  
( p e r s o n a l  c o m m u n i c a t i o n ) ,  the e l im in a t io n  o f  a v io l e t  p e n u m b r a  d o e s  
not  n ec e s s a r i l y  m a k e  a w h i t e  d isc  e a s ie r  to see ,  no r  is it e a s y  to 
g e n e r a l i z e  t h e i r  q u a n t i t a t i v e  an a ly s i s  to  the m o r e  c o m p l e x  s c e n e s  
t y p i c a l ly  e n c o u n t e r e d  in d a i ly  l ife.  M o r e o v e r ,  e a r ly  e x p e r i m e n t s  by 
G e o r g e  S t r a t t o n  (1 8 9 6 )  e s t a b l i s h e d  th a t  the p e r c e p t u a l  s y s t e m  has  
the  ab i l i ty  to a d a p t  to s y s t em a t i ca l l y  d i s to r t ed  o p t i ca l  s t i m u l a t i o n .  In 
fac t ,  w h e n  g o g g l e s  are  w o r n  that  p r o d u c e  c h r o m a t i c  a b e r r a t i o n ,  the  
v i sua l  s y s t e m  b e g in s  to  ad a p t  a lm o s t  i m m e d ia t e l y .
G l a r e  H y p o t h e s i s
A re la ted  poss ib i l i ty  is tha t  M P  migh t  se rve  to  r e d u c e  gl ar e  
f r o m  p o la r i z e d  l ight  by  vi r tue  o f  its d ichro ic  p rope r t ie s .  T h i s  
h y p o t h e s i s  has  n e v e r  been  f o r m a l ly  s t a t ed  ( t h o u g h  it is i m p l i c i t  in 
the  o b s e r v a t io n  that  M P  se rv es  as a d ichro ic  f i l te r )  o r  tes t ed .  O n e
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c o n s e q u e n c e  o f  the  p re fe re nt ia l  a l i g n m e n t  o f  M P  m o l e c u l e s  (e .g . ,  d e  
V ri e s ,  S p o o r  an d  J ie lof ,  1953; N a y lo r  and S ta n w o r th ,  1954)  is tha t  the 
d i c h r o i s n i  o f  M P  fo rm s  the  bas is  o f  the  en to p ic  p h e n o m e n o n  k n o w n  
as  H a id i n g e r ' s  b ru she s .  H e m e n g e r  ( 1 9 8 2 )  p ro p o s e d  that  it w a s  the  
o r g a n iz a t i o n  o f  H e n le  f ibe rs ,  r a th e r  than the  o rg a n iz a t i o n  o f  M P  
w i t h i n  th o se  f i ber s ,  w h ic h  p r o d u c e d  the  p e r c e p t i o n  o f  H a i d i n g e r ' s  
b ru s h e s .  H o w e v e r ,  a de f in i t i v e  a n a ly s i s  o f  the  m o l e c u l a r  o r i e n t a t i o n  
o f  lu te i n  w i th in  H e n le  f ib er  m e m b r a n e s  ( B o n e  a n d  L a n d r u m ,  1984)  
has  v a l i d a t e d  the  a s s u m p t i o n  o f  p re fe ren t ia l  a l i g n m e n t  o f  M P  
m o l e c u l e s .
T h e  p e r c e p t i o n  o f  H a id in g e r ' s  b r u s h e s  o c c u r s  w h e n  o n e  v i e w s  
p o l a r i z e d  l ight.  If the l ight  is b ro a d -b a n d  (w hi te) ,  o n e  see s  a fa in t  
y e l l o w  b ru sh  f lo at ing  in space .  C h a n g i n g  the o r i en t a t io n  o f  
p o l a r i z a t io n  re su l t s  in a c h a n g e  in the o r i en t a t i o n  o f  the  p e r c e i v e d  
b r u s h .  H o w e v e r ,  th is  p h e n o m e n o n  is bes t  seen no t  w i th  b r o a d - b a n d
( w h i t e )  l ight  but  wi th  sh o r t -w a v e  (b lue)  l ight.  In fac t ,  the/
d e p e n d e n c e  o f  H a id i n g e r ' s  b ru s h e s  on w a v e l e n g t h  a g r e e s  w i th  the  
spec t r a l  a b s o r p t io n  cu rv e  for  MP.  O n e  d i f f icu l ty  wi th  u s in g  M P  to 
e x p l a i n  the  e x i s t e n c e  o f  H a id in g e r ' s  b ru s h e s  is t h a t  the  spa t i a l  ex t en t  
o f  H a i d i n g e r ’s b ru s h e s  d o es  not  a p p e a r  to  be  as g rea t  as the  re g io n  
o v e r  w h i c h  M P  exi s t s .  A l th o u g h  this has  n ev e r  been m e a s u r e d ,  
c o r r e s p o n d e n c e  sh o u ld  be  d e m o n s t r a t e d  b e f o r e  th i s  i n t e r p r e t a t i o n  is 
f u l l y  ac cep ted .*
* T h e re  is a lso  a lack  o f  c o r r e s p o n d e n c e  b e tw een  the d is t r ib u t io n  o f  M P  and 
th e  " b u l l ’s e y e "  a p p e a ra n c e  o f  M a x w e l l ' s  sp o t  as  o c c a s io n a l ly  re p o r te d .
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M e t a b o l i c  H y p o t h e s i s
A n o t h e r  h y p o t h e s i s  re g a rd in g  the  fu n c t io n  o f  M P  is a l s o  re la t ed  
to  its d i s t r i b u t i o n  prof i le .  Dar tnal l  an d  T h o m s o n  (1 9 4 9 )  o r ig in a l ly  
s u g g e s t e d  that  M P  m i g h t  s e rv e  to a ide  r e sp i r a t i o n  w i th in  the  re t ina .  
B e c a u s e  o f  the  con c en t ra t i o n  o f  ce ll s  wi th in  the  f o v e a  and  the  lack  o f  
a n t e r i o r  v a s c u la r i z a t i o n ,  this  ar ea  o f  the  re t i na  ex i s t s  in an  
a p p a r e n t l y  h y p o x ic  s ta te .  S in c e  it is we l l  k n o w n  that  x a n t h o p h y l l s  
c a n  ac t  as  an o x y g e n - d e p o t  s y s t em  in p l ant s  an d f i sh ,  it w a s  
s u g g e s t e d  that  M P  s e r v es  the  s am e  role  in the  v e r t e b ra t e  eye .
D e n t o n  a n d  P i r e n n e  (1 9 5 0 )  i m m e d ia t e l y  re je c ted  th is  h y p o t h e s i s  on 
the  bas is  o f  the  be l i e f  that  M P  was  m o s t  d e n s e  in the  i n n e r  re t ina l  
l ay e r s  an d  d i s t r i b u te d  mos t  hea v i ly  in the  fov eal  s lo p es  o r  p a r a ­
m a c u l a r  zone.  S ince  these bel iefs  h ave  been  s h o w n  to  be fa lse ,  no  
e v i d e n c e  has  been  p r e s e n t e d  e i t h e r  to p ro v e  o r  d i s p r o v e  D a r tn a l l  and 
T h o m s o n ' s  o r ig ina l  co n te n t io n .  T h e  re cen t  an a ly s i s  by K a r n a u k h o v  
( 1 9 9 0 )  o f  the  ro le  o f  c a r o t e n o id s  in r e g u la t in g  o x i d a t i v e  m e t a b o l i s m  
in r e s p o n s e  to  o x y g e n  d ep r iv a t io n  su p p o r t s  a p o s s ib le  m e t a b o l i c  ro le  
fo r  M P  in o x id a t iv e  m e ta b o l i s m  wi thin  the  ce n t r a l  re t ina .  O n e  
p o s s i b l e  tes t  o f  th is  h y p o t h e s i s  ( W o o te n ,  p e r s o n a l  c o m m u n i c a t i o n ) ,  
w o u l d  b e  to co r re l a t e  the s ize  o f  the  a v a s c u l a r  zone  wi th  the  d en s i ty  
o f  M P  w i th in  a g iven  individua l ' s  eye .  A c c o rd in g  to the  h y p o th e s i s ,  
t h o s e  i n d i v i d u a l s  w i th  l a rg e r  a v a s c u l a r  z o n e s  w o u l d  d e m o n s t r a t e  
in c r e a s e d  d en s i t i e s  o f  m acu la r  p ig m en ta t io n .  T h e  s ize  o f  the  
a v a s c u l a r  zone  c o u ld  eas i ly  be a s se sse d  wi th  a fu n d u s  c a m e r a  and 
p s y c h o p h y s i c a l  t e s t in g  (Y ap,  G i lch r i s t  an d  W e a t h e r i l l ,  1987) .
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P r o t e c t i o n  H y p o t h e s i s
W h i l e  s o m e  o f  these  h y p o t h e s e s  are  t e n a b le  an d  re q u ir e  
f u r t h e r  t e s t i n g ,  p e r h a p s  the  m o s t  c o m p e l l i n g  h y p o t h e s i s  r e g a r d i n g  
the  fu n c t io n  o f  M P  dea ls  wi th  the  poss ib i l i ty  tha t  it s e r v es  a 
p r o p h y l a c t i c  ro le  w i th in  the  eye .  M a l in o w ,  F e e n e y - B u r n s ,  P e t e r s o n ,
K le in  and N e u r i n g e r  ( 1 9 8 0 )  have d e m o n s t r a t e d  that  a to ta l  lack o f  
M P  w i th in  the  c e n t r a l  f o v e a  ( e n g e n d e r e d  by l o n g - t e r m  d i e t a r y  
d e p r i v a t i o n  o f  x a n t h o p h y l l s )  leads  to  re t ina l  p i g m e n t  e p i th e l i a l  
c h a n g e s  tha t  ar e  typ i ca l l y  ch a r a c te r i s t i c  o f  the  p a r a f o v e a l  re g io n  
( F e e n e y - B u r n s ,  M a l in o w ,  K le in  and N e u r in g e r ,  198 1)  a n d  re f l e c t i v e  o f  
the  c h a n g e s  that  t y p i c a l ly  a c c o m p a n y  d e g e n e r a t i v e  d i s e a s e s  o f  the  
r e t i n a . *  In fact ,  the  nature  o f  the cent r a l  v i sual  f ie ld  loss  w h ich  
ty p i c a l l y  a c c o m p a n i e s  a g e - r e l a t e d  m a c u l o p a t h y  is in i t s e l f  p a r a ­
ce n t r a l  ( S w a n n  a n d  L o v ie - K i t c h in ,  1991),  w i th  a re la t iv e  s p a r in g  o f  
tha t  re g io n  o f  the fove a  w h e r e  the M P  is usual ly  fo u n d  in its h ig h es t  
c o n c e n t r a t i o n .
H a e g e r s t o r m - P o r t n o y  ( 1 9 8 8 )  w a s  the  f i rs t  to  e v a l u a t e  the  
p r o t e c t i o n  h y p o t h e s i s  e m p i r i c a l l y .  In he r  e x p e r i m e n t ,  a b s o l u t e  
t h r e s h o l d  m e a s u r e m e n t s  ( i . e . ,  s e n s i t i v i t y )  to  s h o r t - w a v e  ( b l u e )  an d  
l o n g - w a v e  ( r ed )  l ights  w e re  tak en  at  a n u m b e r  o f  re t ina l  l o ca t io n s  in 
bo th  o l d e r  a n d  y o u n g e r  adul ts .  She  fo und  that  y o u n g e r  an d  o ld e r  
a d u l t s  w e r e  s i m i l a r  in t he i r  sens i t iv i t y  to the  l o n g - w a v e  l ight  but
* O f  the  m o n k e y s  m a in ta in e d  on  a x a n th o p h y l l - f r c c  d ie t  w h o  p o s s e s s e d  no  
a p p r e c i a b le  a m o u n t  o f  M P, m o s t  sh o w ed  c h a n g e s  in th e i r  R P E  a n d  B ru c h 's  
m e m b r a n e .  T h e s e  c h a n g e s  w e re  c h a r a c t e r i s t i c  o f  re t in a l  d e g e n e r a t i v e  s t a te s  
t h a t  w e re  n o t  a p p a re n t  in the c o n tro ls .  T h u s ,  the  e x p e r im e n ta l  g r o u p  s h o w e d  
s ig n s  o f  d ru s c n ,  e n g o rg e m e n t  o f  R P E  c e l l s  w ith  l ip o fu s c in ,  la rg e  n u m b e r s  o f  
c o m p l e x  g r a n u l e s  an d  c y to p la s m ic  d e p o s i t s  w i th in  B ru c h 's  m e m b r a n e .  T h e s e  
s tu d ie s  p ro v id e  c o m p e l l i n g  e v id e n c e  tha t  a l t e ra t io n s  in M P  a rc  r e la te d  to 
fo v e a l  d i s e a s e  s ta te s .
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d i s s i m i l a r  in the i r  sens i t iv i t y  to  the  m o re  h ig h ly  e n e r g e t i c  a n d  
t h e r e b y  d a m a g i n g  s h o r t - w a v e  l ight.  In fac t ,  the  y o u n g e r  a d u l t s  we re  
m u c h  m o r e  s ens i t ive  to sh o r t - w a v e  l ight  than  the  o l d e r  a d u l t s  a t  all
o f  the  re t ina l  loci tes t ed  ex c e p t  one ,  the cen t ra l  fove a .  T h i s  re g io n  of
the  re t i n a  w a s  n o t  s ig n i f i c an t ly  d i f f e r e n t  b e t w e e n  the  t w o  g r o u p s .  
S in c e  th is  is the  re g io n  w h e r e  M P  re s ides ,  H a e g e r s t r o m - P o r t n o y  
c o n c l u d e d  that  this  "centra l  spar in g"  w as  d u e  to the  p r e s e n c e  o f  MP. 
T h o u g h  th is  w a s  the  f i rst  e m p i r i c a l  test  o f  th is  h y p o t h e s i s ,  it h a s  
b e e n  p r o p o s e d  of ten  (e.g. ,  K irshf i e ld ,  1982; M arsh a l l ,  1985;  Y o u n g ,  
1987; Y o u n g ,  1988).
In h e r  e x p e r i m e n t ,  H a e g e r s t r o m - P o r t n o y  u s e d  a v e r a g e d  d a t a  
c o l l e c t e d  f r o m  t w e l v e  o ld e r  adul ts .  H o w e v e r ,  the  e x t e n t  o f  c e n t r a l  
s p a r in g  a m o n g  th e s e  o ld e r  adu l t s  v a r ie d  c o n s i d e r a b l y .  A s  m e n t i o n e d  
e a r l i e r ,  the  a m o u n t  o f  M P  that  i n d iv id u a l s  p o s s e s s  a l so  va r ie s  
c o n s i d e r a b l y .  A na tu ra l  e x t e n s i o n  o f  the  H a e g e r s t r o m - P o r t n o y  s tu d y  
w o u l d  be to  a s se ss  w h e th e r  the  e x t e n t  to  w h i c h  o l d e r  i n d i v id u a l s
s u f f e r  s h o r t - w a v e  sen s i t i v i t y  loss  in the  ce n t r a l  f o v e a  c o r r e s p o n d s  to
the  a m o u n t  o f  M P  that  they  posses s .  S u b je c t s  w h o  h a v e  li t t le o r  no 
M P  sh o u ld  no t  s h o w  this pa t t ern  o f  ce n t r a l  sp a r in g ,  w h i l e  s u b j ec t s  
w h o  have h igh level s  o f  M P  shou ld  s h o w  the least  a m o u n t  o f  
s e n s i t i v i t y  loss .
T h e  m e c h a n i s m  fo r  this  p ro tec t io n  m a y  take  t w o  fo r m s .  S in ce  
M P  s e l e c t iv e ly  a b s o r b s  l ight  f r o m  that  re g io n  o f  the  s p e c t r u m  tha t  is 
k n o w n  to  be  the  m o s t  d a m a g i n g  to the  ey e ,  it is h y p o t h e s i z e d  that  
the  M P  m i g h t  p r o t e c t  the  f o v e a  by p a s s i v e l y  f i l t e r ing  s h o r t - w a v e  
l i gh t  and  d i s s ip a t in g  its e n e r g y  h a r m le ss ly .  It m a y  a l s o  p r o t e c t  the  
f o v e a  a c t i v e ly ,  s ince  it is w id e ly  k n o w n  (as  m e n t i o n e d  ea r l i e r )  tha t
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c a r o t e n o i d s  h a v e  the ab i l i ty  to  s c a v e n g e  toxic  c h e m i c a l  b y p r o d u c t s  
tha t  a r e  p r o d u c e d  by l ight  a b so r p t io n .
T h e  be l i e f  tha t  M P  m ig h t  p ro tec t  the  ey e  has  i n d ica ted  a role 
fo r  M P  in fo v e a l  d i s e a s e  p ro c es s e s  and has  s u g g e s t e d  the  po ss ib i l i t y  
th a t  the  c a r o t e n o i d s  th a t  c o m p o s e  M P  m i g h t  r e p r e s e n t  a v iab le  
t r e a t m e n t  o p t io n  ( i f  a d m i n i s t e r e d  in the  ea r l i e s t  s t ag es  o f  the  
d i s e a s e )  fo r  d e g e n e r a t i v e  d i s e a s e s  o f  the  re t i na  (e .g . ,  a g e - r e l a t e d  
m a c u l o p a t h y )  fo r  w h ic h  110 e f f ec t i v e  t r e a tm e n t  ex i s t s .  T h e  e v i d e n c e  
fo r  th is  po ss ib i l i ty  wi ll  be d i scu s sed  in the  fo l lo w in g  sec t ion .
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C H A P T E R  V
R E L A T I O N S H I P  T O  M A C U L A R  D I S E A S E
A re c u r r e n t  t h e m e  in m u ch  o f  the  sc i en t i f i c  l i t e r a tu re  c o n c e r n s  
the  i n ev i t ab i l i t y  o f  b io log ic a l  ag ing .  T h e r e  is i n c re a s in g  e v i d e n c e  that  
w h i l e  g e n e t i c  fa c t o rs  m a y  d e t e r m i n e  the  o p t im a l  n u m b e r  o f  ce ll  
d i v i s i o n s  a n y  o n e  ce l l  m a y  u n d e r g o ,  e n v i r o n m e n t a l  f a c to r s  h av e  a 
d e c i d e d  i n f l u e n c e  u p o n  w h e t h e r  a n y  c e l l u l a r  s y s t e m  a t t a i n s  th is  
o p t i m a l  level .  T h e  re t ina  p ro v id es  a g o o d  m ode l  for  s tu d y in g  the  
e f f e c t s  o f  e n v i r o n m e n t a l  fa c to r s  on  neu ra l  t i ssue .
S e l e c t i v e  V u l n e r a b i l i t y  o f  the  M a c u la
W h i l e  the  p h o t o r e c e p t o r s  w i th in  the  re t i na  are  s p e c i a l i z e d  to 
r e s p o n d  to  l ight,  they  are  a l so  suscep t ib le  to the  ac t in ic  e f f ec t s  o f  
l ight ,  p a r t i c u l a r l y  w h e n  that  l ight is c h e m i c a l ly  c o m b i n e d  wi th  
o x y g e n .  M o r e o v e r ,  the  cen t ra l  po r t ion  o f  the  re t ina  ( i .e. ,  the  m a c u l a )  
s e e m s  to  be  m o re  s u s ce p t ib l e  than  the p e r ip h e r y  to the  h a z a r d s  o f  
ag in g .  In fact ,  sh o r t -w a v e  cone  sens i t iv i ty  loss  in the  m a c u l a  has  
b ee n  we l l  e s t a b l i s h e d  (Y o u n g ,  1988;  M a r m o r ,  1982;  W e r n e r  an d  
S te e le ,  1988;  W e r n e r ,  Peterzel l  a n d  S ch ee tz ,  1990;  H a e g e r s t r o m -  
P o r t n o y ,  H e w l e t t  and  Barr ,  1989; L aw w i l l ,  C ro c k e t t  and C u r r i e r ,
1977;  Sp e r l i n g ,  J o h n s o n  an d  H a rw er th ,  1980) .  R ece n t ly ,  C u rc i o ,
A l l e n ,  S lo an ,  Le rea ,  H u r le y ,  K lock  and M i l a m  (1 9 9 1 )  h a v e  d e v e l o p e d  
a t e c h n i q u e  fo r  s e l ec t iv e ly  s t a in in g  s h o r t - w a v e  c o n e s  w h i c h  s h o u l d  
a l l o w  the  e x a c t  na tu re  o f  sh o r t -w a v e  c o n e  loss  to  be d e t e r m i n e d .
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T h i s  loss  is u n d o u b t e d l y  re la ted  to  the  fac t  tha t  s h o r t - w a v e  
c o n e s  p r e f e r e n t i a l l y  a b s o r b  s h o r t - w a v e l e n g t h  l ight ,  w h i c h  is h i g h l y  
e n e r g e t i c  and  has  been  sh o w n  to  be d a m a g i n g  to  b io lo g ic a l  t i ssue  
( H a m ,  M u e l l e r  a n d  S l ine y ,  1976).  In fact ,  w h e n  the  par t ia l  p ro tec t io n  
o f  the  y e l l o w i n g  c ry s ta l l i n e  lens  is r e m o v e d  ( fo r  i n s tan ce ,  in ca ta rac t  
s u r g e r y )  loss  o f  s h o r t -w a v e  co n e  sen s i t iv i t y  is s e l e c t iv e  an d  d r a m a t i c  
( W e r n e r ,  S te e le  a n d  Pfoff ,  1989).
T o  v a r y in g  d e g r e e s ,  all e y e s  s h o w  d e g e n e r a t i v e  c h a n g e s  that  
o c c u r  as  a re su l t  o f  l o n g - t e rm  e x p o s u r e  to  s h o r t - w a v e l e n g t h  l ight  
( a n d  to a l e s se r  e x t e n t  m i d - a n d - l o n g  w a v e l e n g t h s )  an d  the  h igh 
o x y g e n  t en s io n  o f  the  re tina .  In fact ,  it has  of ten  been  p r o p o s e d  that  
re t ina l  d a m a g e  ca n  o c c u r  at in tens i t i es  fa r  b e lo w  w h a t  is c o m m o n l y  
c o n s i d e r e d  d a n g e r o u s  as  a re su l t  o f  l o n g - t e r m  e x p o s u r e  ( M a in s t e r ,
1987;  W e r n e r ,  Peterzel l  and S chee tz ,  1990; Y o u n g ,  1988; M a r m o r ,
1982).  T h i s  d a m a g e  is m o s t  a p p a ren t  in the ce n t r a l  re t i n a  o f  the  ey e
b e c a u s e  the  o p t i c s  o f  the  e y e  resul t  in the  m a cu la ' s  h a v in g  a h i g h e r
/
i r r a d ia n c e  than  the  res t  o f  the  re t ina  (W e i t e r ,  1989).
A g e - R e l a t e d  M a c u l o p a t h v
T h e  m o s t  c o m m o n  fo r m  o f  u n t r ea t ab l e  b l i n d n e s s  in the  e ld e r ly  
se l ec t iv e ly  d e s t r o y s  the m acu la .  Th i s  d i s ease  is k n o w n  as  age -  
re la t ed  m a c u l o p a t h y  ( A R M )  and af fec ts  ab o u t  6 %  o f  the  p o p u la t io n  
a g e d  6 0 -7 5 ,  a n d  2 0 %  o f  those  o v e r  75 (N ew el l ,  1992).  It has  b e c o m e  
the  l e ad in g  ca u s e  o f  legal  b l ind ness  in the  U n i t ed  S ta t e s  (M o r l e y ,
1 9 9 2 ) .
Essen t i a l ly ,  there  are  tw o  m a in  fo rm s  o f  A R M .  T h e  m o s t  
c o m m o n  ty pe  is re fe r r ed  to  as a t ro p h ic  o r  "dry" A R M  an d  a c c o u n t s
fo r  a p p r o x im a te ly  8 0 %  o f  all ca ses .  It is ch a r a c t e r i z e d  by th i c k e n i n g  
an d  ca lc i f i c a t i o n  o f  B ru ch 's  m e m b r a n e  (va n d e r  S cha f t  et.  al . ,  1992)  
a n d  a b n o r m a l  sec re t io n s  by the  R P E  that  f o r m  basal  l a m i n a r  d e p o s i t s  
a n d  d ru s e n  (Y o u n g ,  1987).  T he  less c o m m o n ,  n e o v a s c u l a r  o r  "we t"  
f o r m  o f  A R M  is m u c h  less c o m m o n  bu t  e x t r e m e l y  m o r e  d eb i l i t a t in g .
In th is  f o r m  o f  the  d i sease ,  in ad d i t i o n  to the  fe a tu re s  c h a ra c t e r i s t i c  
o f  the  a t ro p h i c  f o r m ,  the  re t ina l  b lo o d  v e s se ls  g r o w  u n c o n t r o l l a b l y ,  
l e a k in g  s e r u m  and blood .  T h i s  g r o w th  of ten  ca u s e s  the r e t i n a  to 
d i s t o r t  an d  the  r e s u l t a n t  s ca r r in g  e v e n t u a l l y  d e s t r o y s  the  p a t i e n t ' s  
c e n t r a l  v i s ion .  W h i l e  no e f f ec t i v e  t r e a t m e n t  ex i s t s  for  a t r o p h ic  
m a c u l a r  d e g e n e r a t i o n ,  n e o v a s c u l a r  A R M  is t y p i c a l l y  t r e a t e d  wi th  
l a se r  su rg e ry .  T y p ic a l ly ,  this su rg e ry  is p e r fo rm e d  f o l l o w i n g  a 
f l u o r e s c e i n  a n g i o g r a m ,  w h ich  iden t i f i es  the  d i s t r i b u t i o n  o f  n e w ly  
f o r m e d  b lo o d  v e s se ls  ( H a m p t o n  and N e ls en ,  1992).  R e g r e t t a b ly ,  l a se r  
su rg e r y  c a n n o t  be u sed  in all ca se s  and is on ly  pa r t i a l l y  e f f e c t i v e  fo r  
t h o se  ca s e s  in w h ich  it can  be used (i .e. ,  pa t i en t s  w h o s e  b l o o d  vesse l  
g r o w t h  is c o n f in e d  p a r a -c en t ra l  to the  macula ) .*
A R M  is a p p a r e n t  o p h t h a l m o s c o p i c a l l y  by  the  s c a t t e r e d  
p r e s e n c e  o f  d r u s e n  (b o th  c u t i c u l a r  o r  har d  d r u s e n  an d  e x u d a t i v e  o r  
so f t  d r u s e n ) .  T h e s e  smal l  y e l lo w  spo t s  re f l ec t  an o ve ra l l  d y s f u n c t i o n  
o f  the  R P E ,  w h ic h  is the  p r im ary  ch a rac te r i s t ic  o f  the  d i s o r d e r  ( H a m ,  
A l l e n ,  F e e n e y - B u r n s ,  M ar m o r ,  P a rv e r ,  P ro c to r ,  S l i n e y  a n d  W o l b a r c h t ,  
1986).  T h e  R P E  is re sponsib le  fo r  the  m e tab o l i c  d e g r a d a t i o n  of
* P h o t o r e c e p t o r  t r a n s p l a n t a t i o n  m a y  r e p r e s e n t  a p o s s ib l e  t r e a t m e n t  
a l t e rn a t iv e  lo r  b o th  a t ro p h ic  and  n e o v a s c u la r  A R M , as w ell  as  o th e r  fo rm s  o f  
b l i n d n e s s  i n v o l v in g  p h o t o r e c e p t o r  lo s s  (e .g .  r e t in i t i s  p i g m e n t o s a ,  r e t in a l  
d e t a c h m e n t ) .  S i lv e rm a n  and  H u g h e s  (1 9 8 9 )  h a v e  s h o w n  th a t  th i s  p ro c e d u r e  
can  be  su c c e s s fu l ly  e m p lo y e d  in the  rat.
r e t i n a l  d e b r i s  (e .g . ,  p h a g o c y to s i s  o f  s h e d d e d  p h o t o r e c e p t o r  d i s c s )  an d  
the  a b s o r p t i o n  o f  s ca t t e re d  l ight.  T h i s  m e c h a n i s m ,  h o w e v e r ,  is 
i m p e r f e c t  an d  o v e r  t ime  sm al l  p o c k e t s  o f  u n d i g e s t e d  re t ina l  d e b r i s  
f o r m  w i t h i n  the  R F E ,  ca u s in g  m e c h a n ic a l  d i s to r t io n  an d  th i c k e n i n g  o f  
B r u c h ' s  m e m b r a n e .  M o s t  o f  this  d e b r i s  w i th in  the  R P E  r e p r e s e n t s  the 
e n d  p r o d u c t  o f  p h a g o c y to s i s ,  w h ic h  is d e r iv e d  f r o m  o x i d a t i v e l y  
d a m a g e d ,  n o n d e g r a d a b l e  l ip id s  f r o m  the  p h o t o r e c e p t o r  o u t e r  
s e g m e n t s .  E v e n t u a l l y ,  the  a c c u m u l a t i o n  o f  these  re s id ua l  b o d i e s  
( c a l l e d  l i p o f u s c i n * )  o v e r c o m e s  the ca r ry in g  c a p a c i t y  o f  the R P E  and 
th ey  are  e x t r u d e d  (in a p r o c es s  k n o w n  as  a p o p t o s i s )  and f o r m  d r u s e n  
an d  basal  l am in a r  d ep o s i t s  (W ei te r ,  1987; Y o u n g ,  1987) .  D o re y ,  W u ,  
E b e n s t e i n ,  G a r s d  an d  W e i t e r  (1 9 8 9 )  h av e  s h o w n  th a t  the  
a c c u m u l a t i o n  o f  l ip o fu sc in  is d i r ec t ly  re la t ed  to  p h o t o r e c e p t o r  loss  in 
t he  m ac u la .
It is d i f f i cu l t  to  specu la te  at  w h a t  po in t  the  n o r m a l  a g i n g  o f  the  
m a c u l a  tu rn s  p a th o lo g ica l .  Y e t  it is of ten  p r o p o s e d  that  the  e t i o lo g y  
o f  bo th  a g in g  and A R M  are re la ted  (M arsh a l l ,  1991; Y o u n g ,  1987;  
Y o u n g ,  1988;  L a w w i l l ,  C ro c k e t t  and Curr i er ,  1977;  M a r m o r ,  1991).  
T h i s  is c l e a r l y  t ru e  to  the e x t e n t  tha t  both  are  i n f l u e n c e d  by g en e t i c  
fa c tor s .  E p i d e m i o l o g ic a l  d a ta  h ave  s h o w n  that  p a t i e n t s  w i th  A R M  
h av e  a 2 1 . 6 %  c h a n c e  o f  hav in g  a famil ia l  h i s tory  o f  A R M ,  c o m p a r e d  
to  a 8 .6 %  c h a n c e  fo r  m a tc h e d  co n t ro l s  ( H y m a n ,  L i l ie n fe ld ,  F e r r is  and
* L ip o fu s c in  ty p ica l ly  a c c u m u la te s  w i th in  the  R P E .  H o w e v e r ,  it m a y  a ls o  be 
l o u n d  w i th in  th e  in n e r  s e g m e n ts  o f  the  p h o to r e c e p to r  c e l l s  a s  a r e s u l t  o f  
a u to p h a g i c  d ig e s t i v e  p ro c e s s e s  ( Iw a sa k i  and  In o m a la ,  1988).  A p o s s ib le  
t r e a tm e n t ,  w h ic h  h a s  n o t  p r e v io u s ly  b een  e x a m i n e d ,  i n v o l v e s  r e d u c i n g  
l i p o f u s c i n  ( i . e .  a g in g  p ig m e n t )  t h r o u g h  p h a r m a c o l o g i c a l  i n t e r v e n t i o n .  
S p e c i f i c a l ly ,  c c n t r o p h c n o x in c  has  b e e n  s h o w n  to  r e d u c e  l i p o f u s c in  in  o t h e r  
a r e a s  o f  th e  C N S  and  m ig h t  r e p r e s e n t  a v ia b le  t r e a tm e n t  a l t e rn a t iv e  (N a n d y ,  
1978; D o w so n .  1982, 1989).
Fin e ,  1983) .  F u r th e rm o re ,  a n u m b e r  o f  c a se s  ar e  r e p o r t ed  w i th in  
the  o p h t h a l m o l o g i c a l  l i te r a tu re  d e s c r i b in g  the  d e v e l o p m e n t  o f  A R M  
in i d en t i ca l  tw i n s  (M e l ro s e ,  M a g a rg a l ,  Lu c ie r ,  1985;  M e y e r s  and 
Z a c h a r y ,  1988).  A c o m m o n  feature  o f  the se  r epo r t s  is the  d e g r e e  to
w h i c h  the  d e v e l o p m e n t  o f  the  es sen t i a l  f e a tu re s  o f  the  d i s e a s e  
c o r r e s p o n d s  b e t w e e n  tw in  pai rs .  T h u s ,  in bo th  r e po r t s ,  the  tw in s  
d e v e l o p e d  the  d i s ea s e  wi th in  a few yea rs  o f  e a ch  othe r .  C o n s i s t e n t  
w i th  th is  o b s e r v a t io n  is the f i n d in g  that  m a n y  o f  the  p a t h o l o g i c a l  
s y m p t o m s  a s s o c ia te d  wi th  A R M  are  o f t en  d i s p l a y e d  as M e n d e l l i a n  
c h a ra c te r i s t i c s .  F o r  e x a m p l e ,  fami l i a l  d ru s e n  o c c u r s  as an  a u t o s o m a l  
d o m i n a n t  t ra i t  ( D e u t m a n  and J an se n ,  1970).  W h i l e  it is p o s s ib le  tha t  
g en e t i c  fa c to r s  m ig h t  co n t r ib u t e  to the d e v e l o p m e n t  o f  A R M ,  it is not  
c l ea r  w h a t  these  ge ne t i c  fac tors  migh t  be. W e i t e r ,  D e lo r i ,  W i n g  an d  
F i t c h  ( 1 9 8 5 )  h a v e  s h o w n  a h igh  c o r r e s p o n d e n c e  b e t w e e n  l ight -  
c o l o r e d  i ri ses  an d  the  d e v e lo p m e n t  o f  A R M .  S ince  ey e  c o l o r  is a wel l -  
e s t a b l i s h e d  M e n d e l l i a n  ch a r a c te r i s t i c ,  th is  m i g h t  a c c o u n t  fo r  the  
fa m i l i a l  t e n d e n c y  in A R M  (Y o u n g ,  1988).  W e i t e r  (1 9 8 7 )  has  
s u g g e s t e d  t h a t  th is  o c u l a r  p i g m e n t a t i o n  p r o t e c t s  a g a in s t  d a m a g e  by 
l o w e r i n g  r e t i n a l  i r r a d ia n c e .
A p a r t  f r o m  e n d o g e n o u s  v a r ia b les ,  e p i d e m i o l o g i c a l  s t u d i e s  (e .g . ,  
E D C C ,  1992; G o ld b e r g ,  F lo w erd e w ,  Smith ,  B ro dy  an d  Tso ,  1988)  h ave  
d e t e r m i n e d  a n u m b e r  o f  e x o g e n o u s  fa c t o rs  tha t  m i g h t  be r e la ted  to 
the  d e v e l o p m e n t  o f  A R M .  T h e s e  s tud ie s  su g g es t  a m u l t i f a c to r i a l  
o r i g in  fo r  A R M  but  h igh l ight  the  i m p o r t a n c e  o f  l ight  h i s to ry  and  the
p ro t e c t io n  f r o m  l ight  as p r im ary  in the  e t i o lo g y  o f  A R M  (Y o u n g ,
1988; G e rs te r ,  1991; Mar sha l l ,  1991).  In fact ,  T ay lo r ,  W e s t ,  M u n o z ,  
R o s e n t h a l ,  B re s s l e r  a n d  B res s le r  (1992) ,  in an e x a m i n a t i o n  o f  8 38
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C h e s a p e a k e  B a y  w a t e r m a n ,  fo u n d  that  those  i n d i v id u a l s  w h o  
r e p o r t e d  h ig h  l ev el s  o f  e x p o s u r e  to  l ight  in the  4 0 0 - 5 0 0  n m  re g io n
w e r e  at s i g n i f i c an t ly  h ig h e r  r isk fo r  the  d e v e l o p m e n t  o f  A R M .
P o s s ib l e  D ie ta r y  P ro tec t io n  f r o m  the  Ac t in ic  E f f ec t s  o f  L ig h t
A n u m b e r  o f  nut r i t io na l  s tud ie s  h ave  s h o w n  an in v e r s e
c o r r e l a t i o n  b e t w e e n  the  in take  o f  ce r t a in  d i e t a r y  s u b s t a n c e s  and 
s e n e s c e n t  a l t e r a t i o n s  in the  re t ina  and  p i g m e n t  e p i t h e l i u m  ( f o r  a 
r e v ie w ,  see  K a tz  an d  R ob i son ,  1991).  Recen t ly ,  the E y e  D isea se  C ase -  
C o n t r o l  S tu d y  G r o u p  (1 9 9 3 )  has  s h o w n  that  i n d i v id u a l s  w i th  h igh 
s e r u m  lev el s  o f  c a r o t e n o i d s  (as  o p p o s e d  to o t h e r  a n t i o x i d a n t s  su ch  as 
s e l e n i u m  an d  v i t am in  C)  are  at s ign i f i can t ly  r e d u c e d  r isk  fo r  
n e o v a s c u l a r  a g e - r e l a t e d  m a c u l o p a t h y .  T h i s  i n v e r s e  c o r r e l a t i o n  is 
m a i n t a i n e d  in o th e r  s en e s cen t  i l lnesses  o f  the  ey e  t h a t  are  c a u s e d  by 
l igh t  h i s to ry .  For  e x a m p le ,  H a n k in s o n ,  S ta m p f e r ,  S e d d o n ,  C o ld i t z ,  
R o s n e r ,  S p e i z e r  and W i l l e t t  (1 9 9 2 )  an d  J a c q u e s ,  C h y l a c k ,  M c G a n d y ,  
S tu a r t  an d  H a r t z  ( 1 9 8 8 )  h av e  d e m o n s t r a t e d  i n v e r s e  r e l a t i o n s h i p s  
b e t w e e n  c a r o t e n o i d  in take ,  in spec i f ic ,  and  the  d e v e l o p m e n t  o f  
c a t a r a c t s  s ev e re  e n o u g h  to re qu ir e  ex t r ac t io n .  O l s o n ,  M a m a l i s ,  
B r a c k e n ,  S in s k e y ,  M ich a e l  a n d  L ew is  (1 9 9 1 )  c o m p a r e d  a t ro p h ic  A R M  
p a t i e n t s  w h o  used I C A P S  P lus  (an a n t i o x i d a n t  s u p p l e m e n t )  w i t h  A R M  
p a t i e n t s  w h o  did  no t  use  the m ed ica t io n .  T h e y  fo u n d  s t a t i s t i ca l ly  
s i g n i f i c a n t  i m p r o v e m e n t  in t h o s e  p a t i en t s  w h o  u sed  the  s u p p l e m e n t .
In l igh t  o f  these  types  o f  s tud ies  and s ince  M P  is c o m p o s e d  o f  
c a r o t e n o i d s ,  the  p o ss ib i l i ty  ex i s t s  tha t  M P  m i g h t  h a v e  an i m p o r t a n t  
ro l e  in this  i l lness .  Th i s  pos s ib i l i ty  w a s  s t r e n g th e n e d  by the  f i n d in g s  
o f  W e i t e r ,  De lo r i  and D ore y  (1988 ) ,  w h o  e x a m i n e d  p a t i en t s  w h o
e x h i b i t e d  a n n u l a r  m a c u l o p a t h y .  T h i s  c o n d i t i o n  is s o m e t i m e s  r e f e r r e d  
to  as  bul l ' s  e y e  m a c u l o p a th y  in re fe re n ce  to the  fac t  tha t  th e  cen t r a l  
p o r t i o n  o f  the  fo v e a  is s pa red  f rom the  d e g e n e r a t i v e  c h a n g e s  
s u r r o u n d i n g  the  c e n t r a l  area.  Thi s  r i ng l ike  pa t t e r n  o f  d e g e n e r a t i o n  
c a n  be  c a u s e d  by a n u m b e r  o f  fac tor s  i n c lu d in g  c h l o r o q u i n e  usage ,  
a g e - r e l a t e d  m a c u l o p a t h y  and  re t in i t i s  p i g m e n t o s a .  W e i t e r  et .  al .  
m e a s u r e d  the  s ize  o f  this cent ra l  s pa r in g  in 45  pa t i en t s  and  
c o m p a r e d  it to  the  d i s t r i bu t ion  o f  M P  in a c o m p a r i s o n  s a m p l e  o f  4 0  
s u b j e c t s  and fo u n d  no s t a t i s t ica l ly  s ign i f i can t  d i f f e ren c e .  In fac t ,  in a 
n u m b e r  o f  c a s e s  th e y  m e a s u r e d  the d e g r e e  o f  c e n t r a l  s p a r in g  an d  M P  
d i s t r i b u t i o n  in the  s a m e  s u b je c t s  and fo u n d  a l m o s t  e x a c t  
c o r r e s p o n d e n c e .
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CHAPTER VI
T H E  M E A S U R E M E N T  O F  M A C U L A R  P I G M E N T ,  S E R U M  
C A R O T E N O I D S  A N D  D I E T  IN  M O N O Z Y G O T I C  T W I N S
R a t i o n a l e
G iv e n  the pu ta t ive  pro tec t ive  ro les  o f  M P,  it is i m p o r t a n t  to  
d e t e r m i n e  the  m e c h a n i s m s  that  d e t e r m i n e  h o w  m u c h  M P  a g iven  
i n d iv id u a l  p o s s e s s e s .  It has  been d e m o n s t r a t e d  that  the  M P  is 
d e r i v e d  f r o m  x a n t h o p h y l l s  tha t  ar e  p r e s e n t  w i th in  the  d ie t .
H o w e v e r ,  m o d i f y i n g  the  a m o u n t  o f  M P  wi th in  the  ey e  by d ie ta ry  
m a n i p u l a t i o n  has  p ro v e d  to  be e x c e e d i n g l y  d i f f icul t .  T h u s ,  w h i le  M P  
is d e r iv e d  f ro m  the  diet ,  i ts level d o es  no t  f l uc t ua te  in pe r fe c t  
t a n d e m  wi th  a m o u n t s  of  c a r o t e n o id s  wi th in  the  d a i ly  d ie t .  T h i s  is 
p r o b a b l y  b e c a u s e  the  b o d y  co n ta in s  at least  tw o  "poo ls"  o f  these  
c o m p o u n d s ,  w i th  d i f f e r e n t  t u r n o v e r  ra te s  ( R o c k ,  S w e n d s e i d ,  J a c o b  
and M c K e e ,  1992) .  M o re o v e r ,  i nd iv id ua ls  vary  in the i r  a b i l i ty  to 
e x t r a c t  c a r o t e n o i d s  f ro m  fo od .  S u b je c t s  h av e  been  d i v i d e d  in to  
" r e s p o n d e r s "  or  " n o n - r e s p o n d e r s "  on the  ba s i s  o f  t he i r  a b i l i ty  to 
a b s o r b  i n g es t ed  c a r o t e n o i d s  in to  t he i r  b lo o d  s e r u m  ( D i m i t r o v ,  M ey e r ,  
U l l rey ,  C h e n o w e t h ,  M iche lak is ,  M a lo n e ,  B o o n e ,  an d  F ink ,  1988;
J o h n s o n  an d  R u sse l ,  1992).
It m a y  not  be  su rp r i s in g  th e re fo re  tha t  i n d i v id u a l s  v a ry  
e n o r m o u s l y  in the  a m o u n t  o f  M P they  p o sse s s  (B o n e ,  L a n d r u m ,  C a in s ,  
1992;  H a m m o n d  and Fuld ,  1992; W ern e r ,  D o n n e ly  an d  Kl iegel ,
1987) .  T h i s  var ia t ion  p r o b a b ly  re f lec t s  tw o  fac to rs :  d i f f e r e n c e s  in
d ie t  a n d  d i f f e r e n c e s  in the  b io log ical  m e c h a n i s m s  that  are
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r e s p o n s i b l e  fo r  d ep o s i t i n g  thes e  c a ro t e n o i d s  in the  eye .  If  s u b jec t s  
c o u l d  be  e q u a te d  on one o f  these  fac to rs ,  t hen  the  c o n t r i b u t i o n  o f  the  
o t h e r  f a c to r  co u ld  then  be sy s t em a t i ca l l y  a s se sse d .  It is d i f f i cu l t  to  
e q u a t e  d i f f e r e n t  i n d iv id u a ls  on  food in take ,  e s p e c i a l l y  s ince  it is no t  
c l e a r  h o w  m u c h  o f  the  h i s to ry  o f  foo d in take  to inc lude.
N e v e r t h e l e s s ,  it is po ss ib le  to  e q u a te  i n d iv id u a l s  on the  b io lo g ic a l  
f a c t o r s  th a t  c o n t ro l  the  ex t r a c t i o n  an d  d e p o s i t i o n  o f  re t ina l  
c a r o t e n o i d s  ( i n s o f a r  as  thes e  fa c t o rs  d e p e n d  on g e n e t i c  e n d o w m e n t )  
by u s in g  s u b jec t s  w h o  are  b io lo g ic a l l y  iden t i ca l ,  n a m e l y  by us ing 
m o n o z y g o t i c  tw ins .  Th e poss ib i l i ty  tha t  M P  m ig h t  h ave  a gene t i c  
c o m p o n e n t  w a s  s p e c i f i c a l ly  p o s t u l a t e d  by H a n d e l m a n ,  S n o d d e r l y ,
K r i n s k y ,  R u s s e t t  an d  A d le r  (19 91 ) .
S p e c i f i c  u p t a k e  m e c h a n i s m s  d o u b t l e s s  are  in o p e r a t i o n  
in the  re t ina ,  as  p re v io u s ly  s u g g es t ed  by B o n e  et.  al. 
t h e s e  m e c h a n i s m s ,  w h i c h  m ay  in v o lv e  d i f f e r e n t  b i n d i n g  
p r o t e i n s  an d  re cep to r s  fo r  e ach  c a r o t e n o i d  ar e  p o w e r f u l  
e n o u g h  to  d i s t in gu i sh  L and Z,  w h ich  d i f f e r  in the 
po s i t io n  o f  a s ingle  d o u b le  bond.  S ince  this pat t er n  o f  
a c c u m u l a t i o n  is s p ec i f i e d  i d en t i ca l ly  d u r i n g  the  d e v e l o p ­
m e n t  o f  both  the r ight and left re t inas ,  w e  h y p o th e s i z e  
tha t  it is d e t e r m in e d  by heredi ty .  T h e r e f o r e ,  w e  e x p e c t  
tha t  in h u m a n s ,  i n d iv id u a l s  w i th  large  a m o u n t s  o f  
m a c u l a r  p i g m e n t  will  pass  tha t  t rai t  on  to t h e i r  o f f sp r in g .
S y n o p s i s  o f  S tu d y
In the  p r e s e n t  s tudy ,  ten pai rs  o f  m o n o z y g o t i c  tw in s  h ad  thei r  
M P  m e a s u r e d  (in f ive  s ep a ra te  s e s s io n s )  and d i f f e r e n c e s  in M P  levels  
w e r e  a s s e s s e d .  M P  m e a s u r e m e n t s  w e re  o b t a i n e d  u s in g  the  
p r o c e d u r e  d e s c r i b e d  br i ef ly  e a r l i e r  and  to  be  d e s c r i b e d  in deta i l  in
48
the  nex t  sec t i on .  S u b je c t s  w e re  a l so  a sk e d  pa r t i c ip a te  in a s e c o n d  
p h a s e  o f  the  e x p e r i m e n t ,  w h ic h  in v o lv ed  an an a ly s i s  o f  d r a w n  b lo o d  
s a m p l e s .  T h e  an a ly s i s ,  h i g h - p e r f o r m a n c e  l i qu id  c h r o m a t o g r a p h y ,  
y i e l d s  a m e a s u r e  o f  b lood  level s  o f  the  c a r o t e n o i d s  lu te in ,  z e a x a n t h i n  
an d  p - c a r o t e n e .
T h e  s u b jec t s  w e re  a l so  a s k e d  to fill o u t  t w o  q u e s t i o n n a i r e s .
O n e  q u e s t i o n n a i r e  ( G o l d s m i t h ,  1991)  p ro v i d e d  a p r e l i m i n a r y  
a s s e s s m e n t  o f  the  z y g o s i ty  o f  the  twins .  S in c e  the  q u e s t i o n n a i r e  
r e s u l t s  s u g g e s t e d  that  the  tw ins  w e re  all  m o n o z y g o t i c ,  the  tw in s  
w e r e  then  a n a l y z e d  by a b l o o d - g r o u p i n g  l a b o ra t o ry  to  e n s u r e  
z y g o s i t y .  T h e  o t h e r  q u e s t i o n n a i r e  a s s e s s e d  the  c a r o t e n o i d  c o n t e n t  o f  
the  s u b jec t ' s  d ie t .  T h i s  s tu d y  w a s  thus  a i m e d  at d e t e r m i n i n g  
w h e t h e r  M P  is p r im a r i l y  g e n e t i c a l ly  d e t e r m i n e d  as  has  been 
s u g g e s t e d  (a n d  c o n s e q u e n t l y  the  e x t e n t  to  w h ic h  it is b io lo g ic a l l y  
c o n t r o l l e d ,  a s s u m i n g  b io logical  co n t ro l  p r i m a r i l y  d u e  to  g e n e s )  a n d  at  
i d e n t i f y i n g  p o s s i b l e  e n v i r o n m e n t a l  f a c to r s  th a t  ar e  r e s p o n s i b l e  fo r  
the  d e t e r m i n a t i o n  o f  M P  d e n s i ty  in h u m a n s .
CHAPTER VII
M E T H O D S
S u b j e c t s
T en  pai r s  o f  m o n o z y g o t i c  tw ins  (a ge  r a n g e  19-22)  w e re  te s t ed .  
S ix  o f  the  pai rs  we re  fema le  and fo ur  w e re  male .  T h e y  w e re  all 
w h i t e  an d  all  w e r e  n o r m a l  t r i c h r o m a t s  (as  a s s e s s e d  by I s h ih a r a  
p s e u d o i s o c h r o m a t i c  tes t  p l a t es  an d  the F a r n s w o r th  D -1 5  test ) .  N o n e  
o f  the  s u b j e c t s  w a s  e x p e r i e n c e d  in p s y c h o p h y s i c a l  t a sk s  o r  a w a r e  o f  
the  p u r p o s e  o f  the s tudy .  All sub jec t s  c o n s e n te d  to te s t ing  a f te r  the  
n a t u r e  o f  the  e x p e r i m e n t a l  task  w a s  e x p la in e d .  F u r th e r ,  all r e s e a r c h  
w a s  a p p r o v e d  by  th e  U n i v e r s i t y  i n s t i t u t io n a l  r e v i e w  b o a r d .
Z y g o s i t y  A s s e s s m e n t
T h e  z y g o s i ty  o f  the  tw in s  w a s  a s s e s s e d  us in g  t w o  t ech n i q u e s .  
T h e  f i rs t  t e c h n i q u e  in v o lv ed  the  use  o f  a zy g o s i t y  q u e s t i o n n a i r e  
d e v e l o p e d  by  G o l d s m i th  (199 1) .  W h i l e  no  v a l id i ty  i n f o r m a t i o n  is 
a v a i l a b l e  r e g a r d i n g  th is  q u e s t i o n n a i r e ,  it has  been  s h o w n  that  
q u e s t i o n n a i r e - b a s e d  z y g o s i t y  a s s e s s m e n t  m i s c l a s s i f i e s  o n l y  a b o u t  5 %  
o f  tw ins  (C o h en ,  D ibbl e ,  G r a w e  an d  Pol l in ,  1975; N ic h o l s  an d  Bi lbro ,  
1966) .  F o r  e x a m p l e ,  M ag n u s ,  B erg  and N a n c e  ( 1 9 8 3 )  a s s e s s e d  the  
z y g o s i t y  o f  12,752 s a m e - s e x  tw in  pai rs  by  q u e s t i o n n a i r e .  T h e y  then  
r a n d o m l y  s e l ec t ed  2 0 7  o f  those  pai rs  an d  a s s e s s e d  th e i r  z y g o s i t y  by 
an  e x a m i n a t i o n  o f  gene t i c  m ark e r s .  T h e y  f o u n d  9 8 %  a g r e e m e n t .
S o m e  r e s e a r c h e r s ,  h o w e v e r ,  h av e  fo u n d  s i g n i f i c a n t l y  l o w e r  e s t i m a t e s  
( C a r t e r - S a l t z m a n  an d  Scar r ,  1977).  G iv e n  the  re l a t iv e ly  s m a l l  s a m p l e
o f  tw i n s  in the  p re sen t  s tudy,  va l id i ty  nea r  100% w a s  d e s i r e d .  T h u s ,  
the  q u e s t i o n n a i r e  d a t a  w e r e  u s e d  as a p r e l i m i n a r y  a s s e s s m e n t  and 
the  m o r e  e x p e n s i v e  b lood  an a ly s i s  w a s  p e r f o r m e d  i f  the  
q u e s t i o n n a i r e  d a t a  s u g g e s t e d  m o n o z y g o s i t y .  T h e  M e m o r i a l  B l o o d  
C e n t e r  o f  M i n n e a p o l i s ,  M i n n e s o t a  p e r f o r m e d  the  b lo o d  g r o u p i n g  
an a ly s i s .  F iv e  b lo o d  type  s y s t em s ,  s ev e n  s e r u m  p ro t e in s ,  an d  f ive  
red  b lo o d  cel l  e n z y m e s  w e r e  c o m p a r e d .  T h e r e  is g o o d  e v i d e n c e  that  
th is  ty p e  o f  zy g o s i t y  a s s e s s m e n t  is va l id  ( C a r t e r - S a l t z m a n  an d  Scar r ,  
1 9 7 7 ) .
M e a s u r e m e n t  o f  M a c u la r  P i g m e n t  D e n s i ty  
A p p a r a t u s
T h e  a p p a r a t u s  u sed  fo r  m e a s u r i n g  M P  d e n s i t y  is s h o w n  
s c h e m a t i c a l l y  in F ig u r e  1. T he  a b b r e v ia t io n s  u s ed  to  i n d ic a t e  the  
i n d i v id u a l  c o m p o n e n t s  o f  the  s y s t e m  p o r t r a y e d  in the  s c h e m a t i c  are  
e x p l a i n e d  b r i e f ly  w i th in  the  f i gu re  ca p t io n .  A s t a n d a r d  f o u r - c h a n n e l  
M a x w e l l i a n  v i e w  op t i ca l  s y s t e m  w a s  u sed  wi th  a 1 0 0 0 - W  x e n o n - a r c  
l ight  s o u rc e  ( X ) .  T w o  ch a n n e l s  (1 &  3)  we re  c o m b i n e d  to  p ro v i d e  a 
te s t  s t im u lu s ,  c o n s i s t i n g  o f  a s t anda rd  and  a c o m p a r i s o n  f ie ld ,  to  be 
u s e d  fo r  h e t e r o c h r o m a t i c  f l i cke r  p h o t o m e t r y .  A th i rd  c h a n n e l  ( 4 )  
p r o v i d e d  a b a c k g r o u n d  f ie ld .  C h an n e l  tw o  (2 )  w a s  not  used .  T h e  
f ix a t i o n  p o i n t s  w e re  p r o v i d e d  by an aux i l l ia ry  t u n g s t e n  l ight  so u r c e  
( L S ) .  T h e  l ight  f r o m  this source  w as  p re s e n t ed  t h r o u g h  a f i b e r  op t i c s  
c a b l e  ( F O ) .  T h e  d i s t ance  o f  the f ixa t ion point  f r o m  the  test  f i e ld  w a s  
c h e c k e d  be fo re  the  s tart  o f  ev e ry  se s s io n  ( t h ro u g h  the  use  o f  a 
s l id in g  ru ler ,  R ) .  T he  sub ject ' s  ey e  posi t ion  w as  s t ab i l iz ed  by use  o f
an a d j u s t a b l e  d e n t a l - i m p r e s s i o n  b i t e - b a r  ( B B )  and  a h e a d - r e s t  
a s s e m b l y  ( H R ) .  A n  aux i l i ary  c h a n n e l  wi th  a ca l ib r a t ed  re t i c le  w a s  
u s e d  to  a l ign  the  subject ' s  pupi l  ( E V ) .  T h i s  ch anne l  w a s  a l so  used 
p e r io d i c a l l y  to  a s s u r e  tha t  the  s t imul i  a l w a y s  e n t e r e d  the  c e n t e r  o f  
the  sub jec t ' s  pupi l .  In C h an n e l  on e  o f  the  opt ica l  s y s t e m  the 
w a v e l e n g t h  o f  the s t im u lu s  w as  m an i p u l a t e d  by use  o f  a J -Y  O p t ica l  
S y s t e m s  H - 1 0  m o n o c h r o m a t o r  ( M C ;  no m ina l  h a l f  b a n d w id t h  o f  8 
nm );  b l o c k in g  f i l te rs  ( B F )  w e re  used to e l im in a te  s t ray  l ight.  Di tr ic  
O p t i c s  i n t e r f e r e n c e  f i l te rs  ( I F ;  h a l f - b a n d w i d t h  o f  7 n m )  w e re  u sed  to 
r e n d e r  the l igh t  m o n o c h r o m a t i c  in the  o t h e r  C h a n n e l s  t h ree  an d  four .  
A  s ec to r ed  m i r r o r  ( F V ) ,  ro ta t ed  by  a h igh ly  re g u la t ed  m o to r ,  w a s  
p l a c e d  at the  i n te r f ace  o f  the  two c h a n n e l s  c o m p r i s i n g  the  tes t  f ie ld.  
A h i g h - s p e e d ,  e l e c t r o m e c h a n ic a l  s h u t t e r  ( U n i b l i t z  A O X 5 )  wi th  
a c c o m p a n y i n g  t i m e r  ( S h )  p ro v id ed  a te s t - f i e ld  e x p o s u r e  o f  1.5 
s e c o n d s  e v e r y  3.5 seco n d s .  W e d g e s  ( W )  an d  neu tra l  d e n s i t y  f i l te rs  
w e r e  o f  the  r e f l ec t ion  type.
S t i m u l u s
T h e  s t im u lu s  co n s i s t ed  o f  a 1-de gree  test  f ie ld ,  w h i c h  w a s  
c o m p o s e d  a l t e rn a t e ly  o f  a 25 td, 4 6 0  n m  s tan d a rd  an d  a 4 6 0  n m  or  
5 3 0  n m  c o m p a r i s o n  f ield.  T h e  s t an d a r d  a n d  c o m p a r i s o n  f i e lds  w e r e  
s u p e r p o s e d  an d  p re s en ted  o u t  o f  p h as e  at  a t e m p o r a l  ra te  o f  a t  leas t  
15 Hz.  T h i s  f ield,  w hi ch  served  as the  test  f ie ld ,  w a s  p r e s e n te d  in the 
c e n t e r  o f  a 4 5 0  nm,  4 -d e g r e e  b a c k g ro u n d .  A f ix at ion  p o in t  w as  used 
f o r  the  p a r a fo v e a l  co n d i t i o n s  and w a s  p l ace d  la tera l  to  the  s t im u lu s  
an d  on  the  s a m e  ho r i zo n ta l  p lane .  In the  p a r a fo v e a l  c o n d i t i o n s ,  
s u b j e c t s  f i x a t e d  this point ,  w h ich  w a s  loca te d  8 d e g r e e s  to the r ig ht
o f  the  tes t  f ie ld .  T h e  t em por a l  re t ina  w a s  s t im u la ted .  P r io r  to the  
e x p e r i m e n t a l  s es s ion,  the  pos i t io n  o f  the  f i x a t io n  p o in t  w a s  c h e c k e d  
to  a s s u r e  tha t  the  test  f ield w a s  a l w a y s  the  c o r r e c t  d i s t a n c e  f r o m  the  
f ix at ion  po in t .  T h e  fo cu s  o f  the test  f ie ld and b a c k g r o u n d  w a s  a l so  
c h e c k e d  as w a s  the  pos i t ion  o f  the  tes t  f ield wi th  re spec t  to  the  
b a c k g r o u n d  to a s su re  tha t  it w a s  a l w a y s  p e r f e c t ly  c o n c e n t r i c .
P r o c e d u r e
T h e  m e th o d  used to  assess  the opt ica l  d en s i t y  o f  M P  w a s  nea r ly  
i dent ica l  to  tha t  used  p re v io u s ly  by W e r n e r ,  D o n n e l l y  and Kl ieg l  
( 1 9 8 7 ) .  W i th  th is  m e t h o d  a d i f f e r e n c e  s p e c t r u m  is d e r iv e d  f r o m  the  
spec t r a l  s en s i t iv i t y  o f  the  fo v ea  and that  o f  the  p a r a fo v e a .  Spec t ra l  
s e n s i t i v i t y  is m e a s u r e d  u s in g  h e t e r o c h r o m a t i c  f l i c k e r  p h o t o m e t r y  
(H F P ) .  F o r  o u r  p u rp o se s ,  it w as  no t  n ec e s s a ry  to m e a s u r e  spec t r a l  
s e n s i t i v i t y  o v e r  the  en t i re  v i s ib le  s p e c t r u m .  R a th e r ,  g iv en  th a t  the
M P  a b s o r p t i o n  s p ec t ru m ,  a s se sse d  in the  m a n n e r  o f  W e r n e r  et .  al . ,
/
has  b een  we l l  e s t ab l i s h ed ,  it w as  su f f i c ie n t  an d  d e s i r a b le  in o u r  c a se  
to  l imi t  m e a s u r e m e n t s  to  the  p ea k  o f  the  a b s o r p t i o n  s p e c t r u m  (ca.
4 6 0  n m )  and to  a po in t  w he re  ab so r p t io n  by the  M P  is neg l ig ib le  ( in 
th is  c a s e ,  5 3 0  nm).  F u r th e r m o r e ,  the  va l id i ty  o f  t h e s e  t r u n c a t e d  
m e a s u r e m e n t s  w a s  c o n f i r m e d  in a p r e v io u s  s tu d y  ( H a m m o n d  and 
Fu ld ,  1992) ,  in w h ich  the  m e t h o d  d e s c r i b e d  b e l o w  w a s  used  fo r  an 
e x t e n d e d  se t  o f  w a v e l e n g t h s ,  in o r d e r  to  d e r iv e  a c o m p l e t e  d i f f e r e n c e  
s p e c t r u m  fo r  one  subjec t .  T h e  c los e  c o r r e s p o n d e n c e  b e t w e e n  M P  as 
m e a s u r e d  by o u r  t e c h n i q u e  and M P  m e a s u r e d  in s itu and by  a 
n u m b e r  o f  o t h e r  p s y c h o p h y s i c a l  labs  (see  F ig u r e  2) s e r v es  to  ve r i fy
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t h a t  the  p r o c e d u r e s  a n d  s t i m u l u s  c o n d i t i o n s  w e re  a d e q u a t e  to  o b ta in  
v a l i d  M P  o p t i ca l  d e n s i t y  m e a s u r e m e n t s .
F o l l o w i n g  ten m in u te s  o f  dar k  ad ap ta t io n ,  the  su b jec t  a d a p te d  for 
f o u r  m i n u t e s  to  a 10 td,  4 5 0  n m  b a c k g r o u n d  l igh t  p r e s e n t e d  to the 
f o v e a  o f  the  r igh t  ey e .  Th i s  ad ap ta t io n  p e r io d  w a s  a d m i n i s t e r e d  for  
th e  p u r p o s e  o f  e l i m in a t in g  the  c o n t r i b u t i o n  o f  the  s h o r t - w a v e  
s e n s i t i v e  c o n e s  to  the  sens i t iv i t y  m e a s u r e m e n t s .  T h i s  is n e c e s s a r y  
b e c a u s e  th e re  is e v i d e n c e  that  the p o p u l a t i o n  o f  s h o r t - w a v e  c o n e s  
d i f f e r s  a c r o s s  the  tw o  re tinal  loca t ion s  u sed  in the  p r e s e n t  s tudy .  If  
t h e i r  c o n t r i b u t i o n  w e r e  no t  e l i m in a t e d ,  th en  d i f f e r e n c e s  in sp ec t r a l  
s e n s i t i v i t y  at  the  s h o r t - w a v e  en d  o f  the  s p e c t r u m  c o u l d  be  an 
a r t i f a c t  o f  the  d i f f e r e n c e s  in s h o r t -w a v e  c o n e  c o n t r i b u t i o n  an d  no t  
s i m p ly  d u e  to  the ab so r p t ion  by MP.  T h e  c o n t r ib u t io n  o f  this  c o n e  
c l a s s  c a n  be e l i m in a t e d  by such se l ec t ive  a d a p ta t io n  and  by us in g  a 
t e m p o r a l  f r e q u e n c y  a b o v e  the  cr i t ica l  f l i c k e r  f r e q u e n c y  fo r  s h o r t ­
w a v e  cones .  A t em p o ra l  f r e q u en c y  o f  at  leas t  15 H z  w as  u sed  in this 
e x p e r i m e n t .  W e r n e r ,  D o n n e l y  an d  Kle ig l  ( 1 9 8 7 )  h a v e  s h o w n  tha t  the 
c o m b i n a t i o n  o f  s e l e c t iv e  a d a p ta t i o n  an d  an  a p p r o p r i a t e  f l i c k e r  
f r e q u e n c y  fo r  the  tes t  s t im u lu s  is su f f i c i e n t  to s u p p r e s s  the  
c o n t r i b u t i o n  o f  the  s h o r t - w a v e  co nes .  T h e  r e s u l t a n t  s pec t r a l  
s en s i t i v i t i e s  ar e  thus  a s s u m e d  to re f lec t  the  ac t i v i ty  o f  the  m i d d le -  
a n d  l o n g - w a v e  sens i t ive  cone s .  T h e re  is g o o d  e v i d e n c e  th a t  the  
m i d d l e -  an d  l o n g - w a v e  c o n e s  are  r e p r e s e n te d  in e q u a l  r a t i o s  in the  
f o v e a  an d  p a r a f o v e a  ( N e r g e r  and C ice ro ne ,  1992;  C i c e r o n e  and 
N e r g e r ,  1992).
S u b je c t s  m a n i p u l a t e d  the  r a d ia n ce  o f  the  c o m p a r i s o n  f i e ld  by 
a d j u s t i n g  tha t  c h a n n e l ' s  neu t ra l  d en s i t y  w e d g e  s uch  that ,  in
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c o u n t e r p h a s e  w i th  the  s t an d a r d ,  a po in t  o f  m i n i m u m  f l i c k e r  w a s  
a c h ie v ed .  Thi s  w a s  d o n e  f ive  t imes  for  the  f o v e a  o f  o n e  ey e  at  a 
c o m p a r i s o n  w  v e l en g th  o f  4 6 0  11m. T h e  su b jec t  then  r e p e a t e d  th is  
s er ie s  o f  m e a s u r e m e n t s  at  a c o m p a r i s o n  w a v e l e n g t h  o f  5 3 0  nm .  F iv e  
m e a s u r e m e n t s  w e r e  then  m a d e  at thes e  t w o  w a v e l e n g t h s  fo r  the  
p a r a f o v e a  o f  the  s a m e  ey e  f o l l o w in g  p u p i l l a r y  r e - a l i g n m e n t  an d  f o u r  
m i n u te s  o f  p a r a fo v e a l  ad a p ta t io n  to the  b a c k g r o u n d  f ie ld .  F iv e  su ch  
s e s s i o n s  w e re  run  for  e ach  subjec t ,  e a c h  ses s io n  b e in g  c o n d u c t e d  on  a 
s e p a r a t e  d ay .
C a l i b r a t i o n
T h e  re la t ive  spect ra l  e n e rg y  o f  the c o m p a r i s o n  f ie lds  w a s  
m e a s u r e d  at the  en d  o f  ev e ry  e x p e r i m e n t a l  s es s ion .  T h i s  w a s  
a c c o m p l i s h e d  by  p l ac in g  a c a l i b r a t ed  p h o t o d e t e c t o r  ( P D )  in the  path  
o f  the  l ight  f r o m  e ach  o f  the tw o  c o m p a r i s o n  f ie lds  w h i le  all  o the r  
s o u r c e s  o f  l ight in the s y s t em  we re  b l ocked .  T h e s e  v a lu es  w e r e  u sed  
in the  an a ly s i s  o f  the  d a ta  to cont rol  for  d a i ly  d i f f e r e n c e s  in the 
r e la t iv e  r a d ia n c e  o f  the  4 6 0  an d  5 3 0  n m  c o m p a r i s o n  l ights .
B io c h e m i c a l  A n a ly s i s  o f  B lood
A f t e r  the  c a r o t e n o i d s  w e r e  s e p a r a t e d  f r o m  th e  s e r u m  (u s i n g  
the  p r o c e d u r e  e x p l a i n e d  b e lo w ) ,  the o ve ra l l  c o n c e n t r a t i o n  o f  
c a r o t e n o i d s  w i th in  the l ipid ex t r a c t  w a s  m e a s u r e d  at  4 5 0  n m  (u s i n g  a 
m o d e l  6 6 7  v a r ia b l e  w a v e l e n g t h  det ec to r) .  T h e  H P L C  s y s t e m  
c o n s i s t e d  o f  a B e c k m a n  m o d e l  338  ( B e c k m a n  I n s t r u m e n t s ,  F u l l e r t o n ,
C A )  wi th  m o d e l  2 1 0 A  injec tor  wi th  a 20  p i  s am p le  loop.  In d iv id u a l  
c a r o t e n o i d s  w e re  id en t i f i ed  by re fe re n ce  to  the  e lu t i o n  t i m e  o f
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k n o w n  s t a n d a r d s .  R e te n t io n  t ime an d  p ea k  a r ea  w e re  d e t e r m i n e d  on 
a H e w l e t t  P a c k a rd  M ode l  3365  re co rd in g  in tegra to r .  T h e  H P L C  
m o b i l e  p h a s e  w a s  M e O H : A C N : C H C l 3 : I sopropanol  at  a f l ow ra te  o f  1.0 
m l /m i n .  T h e  ana ly t i ca l  co l u m n  w a s  a C l 8 V y d a c  c o l u m n  (T h e  
S e p / A / R a / T i o n  G r o u p ,  Hesp e r i a ,  C A ) ,  5 n m  par t i c le  s ize ,  25  c m  leng th  
x 0 . 4 6  c m  d i a m e t e r  w i th  a 1-cm p r e c o l u m n  c o n t a i n i n g  the  s am e  
p a c k i n g  m a t e r i a l .
T h e  c o n c e n t r a t i o n  o f  i n d iv id u a l  c a r o t e n o i d s  w a s  d e t e r m i n e d  by 
c o n v e r t i n g  the  a r e a  u n d e r  an i nd iv id ua l  p ea k  to  c o n c e n t r a t i o n  un i t s  
u s in g  a s t an d a r d  cu r v e  for  ea ch  o f  the c a r o t e n o i d s  A n  in te rna l  
s t a n d a r d  ( e c h i n i n o n e )  w a s  in c lu d e d  to e n s u r e  c o n s i s t e n c y  in c o l u m n  
p e r f o r m a n c e .  In th is  m a n n e r ,  the  c o n c e n t r a t i o n s  o f  z e a x a n t h i n ,  
lu te in  and  p - c a r o t e n e  w e r e  m e a s u r e d .
S a m p l e  E x t r a c t i o n
In the  p r e s e n t  s tudy,  H P L C  w a s  used  to  q u a n t i f y  m a te r i a l  
w i t h i n  a b lood  s am p le .  In this p ro c ed u re ,  the  b lood  is d r a w n  an d  
a l l o w e d  to c lo t .  T h e  b lood  is then ce n tr i fuged  at 2 , 5 0 0  R P M  fo r  15 
m i n u t e s  to  s ep a ra t e  the s e r u m  fr o m  the  e r y th r o c y t e s .  A t  th is  poi nt ,  
the  b lood  w a s  o f t en  s to red  at - 7 0 ° C  for  later  ana lys is .  A t  the  t ime of  
the  an a ly s i s ,  an in terna l  s t andar d  is ad d e d  in a c o n s t a n t  r a t i o  wi th  
the  s e r u m  (e .g. ,  125 m l /3 7 5  ml).  T h i s  in ternal  s t a n d a r d  is u s u a l ly  a 
c a r o t e n o i d  not  f o u n d  w i th in  h u m a n  s e r u m  (e .g . ,  e c h i n i n o n e  d e r i v e d  
f r o m  e c h i n o d e r m s )  and  is used as a re fe re n c e  to j u d g e  the  a m o u n t  o f  
s e r u m  m at er ia l  lost  d u e  to  the  ex t r a c t io n  p ro ces s .  E t h a n o l  is then  
a d d e d  to  th is  m ix tu r e  (e .g . ,  2 50  ml )  to p re c ip i ta te  the  p ro t e in  a n d  
fa c i l i t a t e  the  d i s s o c i a t i o n  o f  the c a r o t e n o i d s  f r o m  the  l a rg e  p ro t e in
m o l e c u l e s .  Spec i f i c a l ly ,  on e  to  tw o  ml o f  s e r u m  w a s  p r e c ip i t a t e d  wi th  
e t h a n o l ,  U S P  g r a d e ,  c o n t a i n i n g  lOOmg/ml  b u t y l a t e d  h y d r o x y t o l u e n e  
an d  v o r t e x e d  fo r  30  seco n d s .  Af t e r  th is  so lu t io n  is v o r t e x e d ,  h e x a n e  
(a  h i g h l y  vo l a t i le  m a te r ia l  tha t  is n o n p o l a r  an d  l i p p o p h y l l i c )  is a d d e d  
to  s e p a r a t e  t h e  l i p id - s o lu b l e  c a r o t e n o i d s  f r o m  the  d e n a t u r e d  p ro t e in  
an d  a q u e o u s  so lu t io n .  Af t e r  th is  so lu t ion  is a g a in  v o r t e x e d ,  it f o r m s  
an u p p e r  h e x a n e - l a y e r  tha t  co n ta in s  all o f  the  l i p id - s o lu b le  
s u b s t a n c e s  w i th in  the  se rum.  T h e  h e x a n e  l ay er  is r e m o v e d  an d  is 
th en  e v a p o r a t e d  (o f te n  us ing a s t r ea m  o f  n i t ro g en  or  a r g o n  to  
p r e v e n t  o x i d a t i o n )  l e a v in g  o n l y  the  n o n - p o l a r  c a r o t e n o i d s  a n d  o t h e r  
l i p i d - s o l u b l e  m a te r i a l s .  T h e  h e x a n e  ex t r a c t i o n  p r o c e d u r e  w a s  
c o n d u c t e d  t w ice  to m a x i m iz e  the  a m o u n t  o f  s e r u m  m a te r i a l s  fo r  the 
H P L C  ana ly s i s .  F inal ly ,  h and l ing  o f  b lood  f rom  c o l l ec t i o n  t h r o u g h  




T h e  raw d a t a  for  all o f  the  v a r ia b le s  a s s e s s e d  in the  p re sen t  
s tu d y  are  p r e s e n t e d  in A p p e n d i x  A.
T h e  m ean  opt ica l  den s i ty  o f  M P  for  the  10 twin  p a i r s  w a s  0 .2 8  
( r a n g e  0 .0 1 -0 .5 7 ) .  T h i s  ag r ee s  g e n e r a l ly  wi th  o p t i ca l  d e n s i t y  
m e a s u r e m e n t s  o b t a i n e d  in an ea r l i e r  s tu d y  in the  s a m e  lab  ( m e a n  = 
0 . 3 2 ,  r a n g e  0 .0 5 - 0 .6 6 ;  H a m m o n d  and  Fu ld ,  1992)  a n d  w i th  e s t i m a t e s  
o b t a i n e d  in a d i f fe re n t  l ab  (W e rn e r ,  D o n n e ly  and  Kleig l ,  1987) ,  us ing  
s i m i l a r  e x p e r i m e n t a l  t e ch n i q u e s ,  on  5 0  subjec ts ,  w i th  a w i d e r  ag e  
r a n g e  ( m e a n  = 0 .39,  r ang e 0 .10-0 .8 0 ) .  In add i t ion ,  an a n a ly s i s  o f  the 
i n t e r - s e s s io n  c o r r e l a t i o n s  ( C r o n b a c h ' s  a l p h a )  h av e  i n d i c a t e d  a 
m o d e r a t e l y  h igh  d e g r e e  o f  re l ia bi l i ty  in the  M P  m e a s u r e s  o b t a i n e d  
f r o m  the  tw in s  ( a  = .68).  T h e s e  p ro c ed u re s  are  p r e s e n t e d  in un i t a ry
f o r m  in A p p e n d ix  B. H ere ,  the  M P  m e a s u r e m e n t s  a r e  r e d u c e d  to  the 
o r i g in a l  w e d g e  re ad in g s  fo r  e a c h  o f  the  s ep a ra t e  c o n d i t i o n s  i n v o l v e d  
in the  m e a s u r e m e n t  p ro c ed u re .  T he  re su l t a n t  m o d e l  c a n  be 
e x p r e s s e d  as a sp l i t -p lo t  fac tor ia l  A B C D E  des ign ,  w h e re  A = twin  pai r  
(1 0  levels) ,  B = n u m b e r  o f  sess ions  (5 levels) ,  C  = the  d i f fe re n t  
w a v e l e n g t h s  u sed  (2 level s) ,  D = the d i f f e ren t  re t ina l  p o s i t io n s  t e s t ed  
(2  levels )  and  E  = the n u m b e r  o f  t r ials  per  c o n d i t i o n  (5 level s) .  In 
th is  d e s i g n ,  A is t rea ted  as  a b e tw e e n - s u b j e c t ,  r a n d o m  e f f e c t s  
v a r ia b le .  B and E are  t rea ted  as  w i th in - su b jec t ,  r a n d o m  e f fec t s  
v a r ia b le s .  F ina l ly ,  C  and D are  t rea ted  as w i t h i n - s u b j e c t  f i x e d - e f f e c t s
v a r ia b le s .  U s in g  this m o d e l ,  e x p e c t e d  m ean  squa re  v a lu es  c a n  be
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g e n e r a t e d  fo r  e v e r y  p o s s ib le  in ter ac t io n  b e t w e e n  fa c to r s  A B C D E .
T h i s  a n a ly s i s  d e m o n s t r a t e d  that  there  w as  n o  s y s t e m a t i c  so u r c e  o f  
e r r o r  (e .g . ,  o r d e r  e f f e c t s )  in the  M P  m e a s u r e m e n t  p r o c e d u r e .
H o w e v e r ,  it d id  s h o w  that  the va r ia b i l i ty  a c ro s s  s e s s io n s  is 
s i g n i f i c a n t ly  h i g h e r  than the  va r ia b i l i ty  w i th i n  a ses s ion  (p  = .05).*
T h e  re l iabi l i ty  o f  the H P L C  s y s t em  w a s  a l so  a ssessed .  A s ingle  
b l o o d  s a m p l e  w a s  d r a w n  an d  the  s e r u m  c a r o t e n o i d s  w e re  m e a s u r e d  
on  s ev e n  sep a ra t e  o c c a s i o n s  o v e r  three  m o n th s .  T h e s e  d a t a  are  
s h o w n  in T ab le  1. A s  can be seen in this  table ,  the va r i ab i l i ty  for  
lu t e in ,  z e a x a n t h i n  and P -c a ro t e n e  is less  than 10%.
A n  e x p l o r a t o r y  d a ta  an a ly s i s  c o n f i r m e d  that  the  d a t a  fo r  e a c h  
s u b j e c t  m e t  the  a s s u m p t i o n s  o f  n o rm a l i t y ,  l i n ea r i t y  an d  
h o m o s c e d a s t i c i t y .  A t w o - s a m p l e  s tu d en t  t - tes t  w a s  d o n e  to  a s s e s s
w h e t h e r  the  a b s o l u t e  d i f f e r e n c e s  b e t w e e n  the  M P  d e n s i t y  o f  the  
i d en t i ca l  tw in s  w e re  g re a te r  than 0. T a b le  2 p re sen t s  the  M P  op t i ca l  
d e n s i t i e s  fo r  the  r ig ht  e y e s  o f  the  ten tw in -p a i r s ,  w i th  the  re su l t s  o f  
the  tes t s  o f  s ign i f i cance .  F igur e  3 d i sp lay s  the  M P  d en s i ty  
m e a s u r e m e n t s  w i th  a s s o c ia te d  s t an d a rd  d e v i a t i o n  bars .  A s  c a n  be 
s ee n  in T a b le  2, f ive  out  o f  the ten twin  pai rs  s h o w e d  s ta t i s t ica l ly  
s ig n i f i c a n t  d i f f e r e n c e s  in M P  dens i ty .  In a n u m b e r  o f  these  tw in  
p a i r s  the  a b s o lu t e  d i f f e r e n c e s  in M P  d en s i ty  w a s  c o n s i d e r a b l e  (e .g . ,  
o n e  tw in  e x c e e d i n g  the o the r  by a d i f f e ren c e  in d en s i ty  o f  .45).
D ie t a r y  and s e r u m  levels  o f  ze ax an th in ,  lu te in  and P - c a r o t e n e  
w e re  a l s o  e x a m i n e d .  F ig u re  4  i l lus t ra tes  the s e r u m  l ev e l s  fo r  the
* T h is  a n a ly s is  d id  n o t  co n tro l  lo r  d i f f e re n c e s  in th e  ra d ia n c e  o f  the  l igh t
so u r c e  a c ro s s  s e s s io n s .  T h e s e  d i f f e r e n c e s  w ill  in f la te  th e  v a r i a b i l i t y  a c ro s s
se s s io n s .  T h u s ,  the a s s o c ia t io n  (0 )  b e tw e e n  w i t h i n - a n d - a c r o s s  s e s s io n  
v a r i a b i l i t y  is s p u r io u s ly  low .
i den t i c a l  tw i n s  a v e r a g e d  o v e r  t w o  t rials .  F ig u re  5 s h o w s  the  d ie t  
l ev e l s  o f  the  s am e  th ree  c a r o t e n o i d s  ( lu t e in ,  z e a x a n t h i n  an d  p -  
c a r o t e n e )  as m e a s u r e d  by the  food  h i s to ry  q u e s t i o n n a i r e .  T a b l e  3 
s h o w s  tha t  a r e l a t i o n s h i p  ex i s t s  b e tw e en  s e r u m  lev el s  o f  z e a x a n t h i n ,  
lu te in  an d  P - c a ro t e n e  and m e a s u r e s  o f  the in take  o f  these  
c a r o t e n o i d s  f r o m  the  d ie ta ry  q u e s t i o n n a i r e  (p  <  .025) .  Thi s  
r e l a t i o n s h i p  s u p p o r t s  ea r l i e r  r e sea rc h  (e .g . ,  B lo ck ,  H a r t m a n ,  D re s s e r ,  
C a r ro l l ,  G a n n o n  and G a rd n e r ,  1986; Pie t inen,  H a r t m a n ,  H a a p a ,  
R a s a n e n ,  H a a p a k o s k i ,  P a l m g r e n ,  A lb an e s ,  V i r t a m o  an d  H u t t u n e n ,
198 8)  s h o w i n g  that  the  fo o d  h i s tory  q u e s t i o n n a i r e  is a v a l id  and  
r e l i a b le  m e t h o d  fo r  m e a s u r in g  an i n d iv id ua l ' s  usual  d ie t .  In 
p a r t i c u l a r ,  the  c o r r e l a t i o n s  b e t w e e n  d i e t a r y  a n d  s e r u m  c a r o t e n o i d s  
c o m p a r e  f a v o r a b l y  wi th  s i m i l a r  c o r r e l a t i o n s  in o t h e r  v a l i d i ty  s tu d i e s  
(e .g. ,  C oa tes ,  Eley ,  B lock,  G u n te r ,  Sowel l ,  G r o s s m a n  an d  G re en b e r g ,  
1991) .  In fac t ,  the  c o r r e l a t i o n s  b e t w e e n  d i e t a r y  lu te in  an d  s e r u m  
lu te i n  ( r  = .48)  and  b e tw e en  d ie t a ry  x an th in s  an d  s e r u m  z e a x a n t h i n  
( r  = .42)  is c o n s i d e r a b l y  h ig h e r  than that  p r e v io u s ly  r e p o r t e d .  T h i s  
m a y  be d u e  to  the  fac t  tha t  a res t r ic ted  age  ra n g e  w a s  used in the 
p r e s e n t  s tudy  ( 1 9 - 2 2 )  and  the  s u b jec t s  r e p o r t e d  no  a c t i v i t y  tha t  is 
k n o w n  to  n e g a t i v e ly  af fec t  the  ab s o rp t io n  o f  c a r o t e n o i d s  f r o m  the  
d ie t  (e .g . ,  s m o k i n g  a n d  a l co ho l  c o n s u m p t io n ;  S t r yke r ,  K a p la n ,  Ste in,  
S t a m p f e r ,  S o b e r  and W i l l e t t ,  1988).
A s  can be noted f rom  F igur es  3, 4  and 5 as  well  as  T a b l e  3, no  
s y s t e m a t i c  r e l a t i o n s h i p  can be fo u n d  b e tw e e n  M P  d i f f e r e n c e s  in the  
tw in s  an d  e i t h e r  s e r u m  or d ie t  levels  o f  the  c a r o t e n o i d s  t h a t  c o m p o s e  
M P.  H o w e v e r ,  a n u m b e r  o f  s ign i f i can t  r e l a t io n sh ip s  w e re  fo u n d  
b e t w e e n  M P  d e n s i t y  and o th e r  d ie t  va r ia b les  tha t  are  k n o w n  to
i n f l u e n c e  c a r o t e n o i d  m e t a b o l i s m  ( E r d m a n ,  1988) .  F o r  e x a m p l e ,  the  
r e l a t i o n s h i p s  b e t w e e n  M P  an d  v i t am in  A (r_= .38) ,  d ie t a r y  f i b e r  (r  = 
.35) ,  p o t a s s i u m  (i_= .44),  iron (r_= .46),  p h o s p h o r u s  (r_= .41),  c a l c i u m  
(r  = .38),  s o d iu m  (r_= .42) ,  c a r b o h y d r a t e s  (r_= .39) an d  total  ca lo r i c  
in t ak e  (r  = .40)  w e re  co n s id e r ab le .  Fur ther ,  as c a n  be seen in T ab le  
5, tw in s  w h o  s h o w e d  d i f f e r e n c e s  in M P  d e n s i t y  a l s o  d e m o n s t r a t e d  
s y s t e m a t i c  d i f f e r e n c e s  w i th in  t he i r  d ie t .  T h u s ,  the  tw in  w i t h i n  ea ch  
p a i r  w h o  p o s s e s s e d  s ig n i f i c an t ly  h ig h e r  M P  lev el s  a l s o  c o n s i s t e n t l y  
r e p o r t e d  h i g h e r  d ie t a r y  in take  o f  o l e ic  and l ino le ic  ac id ,  s a tu r a te d  
and  total  fat,  c h o le s t e ro l  a n d  so d iu m .  In ad d i t io n ,  tha t  t w i n ’s total  
ca lo r i c  in t ake  w a s  co n s i s t e n t ly  h igh er .  For  a n u m b e r  o f  these  
v a r i a b l e s ,  the  m a g n i t u d e  o f  the  d i f f e r e n c e s  b e t w e e n  t w i n s  r e l a t e d  
we l l  to  the  m a g n i t u d e  o f  the  d i f f e r en c es  f o u n d  in the i r  M P  d en s i ty .  
F o r  e x a m p l e ,  d i f f e ren c es  in the in take  o f  fa t  ( r  = .75),  fat ty ac id s  
(o le ic  ac id ;  r = .77; l inole ic Acid;  r = .53) and v i t amin  A ( r  = .67) 
re la t ed  wel l  to  d i f f e r en c es  in M P  d en s i ty  ac ro s s  tw ins .  It s h o u l d  a l so  
be n o t ed  that  th is  pa t t ern  is m a in t a in e d  in twin  p a i r  F,  w h o s e  
d i f f e r e n c e s  in M P  d en s i ty ,  a l t h o u g h  not  s t a t i s t i ca l ly  s ig n i f i c an t ,  c o m e  
c lo s e s t  to s tat i s t ica l  s ign i f i cance  in the i r  g r o u p  (F-J ;  see  T a b l e  2).
T h e  ov era l l  e f fec t  o f  d ie t  is sh o w n  in F igures  6 and 7. In these  
f i gu re s ,  e a ch  var iab le  is re p re sen te d  by a log ratio.  F o r  e a ch  
v a r ia b l e ,  the  n u m e r a t o r  in the  ra t io  r e p re s e n t s  the  tw in  w i th  the  
h ig h e s t  M P  den s i ty .  T h u s ,  each  log ra t io i n d ica te s  the  m a g n i t u d e  and 
d i r ec t io n  o f  the  re la t io n sh ip  fo r  e ach  var iab le ,  for  e a c h  twin  pai r .  For  
e x a m p l e ,  a log  ra t io  o f  0  for  s e r u m  lutein s ign i f i e s  eq u a l  s e r u m  lute in  
c o n c e n t r a t i o n s  b e t w e e n  m e m b e r s  o f  the  tw in  pair .  A log r a t i o  l o w e r  
than  0  s ign i f i e s  tha t  the  tw in  wi th  l o w e r  M P  d e n s i t y  has  h i g h e r
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s e r u m  lute in  levels .  A log ra t io  h ig h e r  than 0  s ign i f i e s  tha t  the  twin  
w i th  h ig h e r  M P  d e n s i ty  has  h ig h e r  s e r u m  lute in  levels .  T w in  pai r  F 
is i n c l u d e d  in F ig u re  6 ( tw in s  w h o  are  s ign i f i can t ly  d i f f e r e n t  in M P  
d e n s i t y )  b e c a u s e  o f  the i r  ov era l l  s im i l ar i t y  to  th is  g r o u p  (e .g . ,  in the i r  
p v a l u e s  an d  d i e t a r y  in t ak e )  and  b e c a u s e  th ey  p o s s e s s e d  the  l a rg e s t  
ra t io  o f  M P  densi ty .  As  can  be seen in F igur e  8, the  ove ra l l  
d i f f e r e n c e s  in d i e t  is co n s i d e r a b l e  fo r  tw in s  wi th  M P  d i f f e r e n c e s  and 
less  so  fo r  tw in s  wi th  no a p p re c i a b l e  M P  d i f f e ren c es .
A n u m b e r  o f  n o n -d i e t a ry  v a r i a b l e s  w e r e  a l s o  e x a m i n e d .  F o r  
e x a m p l e ,  the  p o s s i b i l i t y  tha t  b i r t h - w e i g h t  co u l d  be  r e la t ed  to M P  
d e n s i t y  w a s  e x a m i n e d  b ec a u s e  M P  levels  m i g h t  be a f f e c t e d  by 
d i f f e r e n c e s  in p re n a t a l  nu t r i t io n  ( i .e . ,  the  tw in  t r a n s f u s io n  
s y n d r o m e ) .  H o w e v e r ,  no  c o n s i s t e n t  r e l a t i o n s h i p  w a s  f o u n d  b e t w e e n  
b i r th  w e ig h t  an d  M P  dens i ty .  S im i la r ly ,  cu r r e n t  w e ig h t  a l s o  fa i l ed  to 
v a r y  w i th  M P  lev el s  ( t h o u g h ,  as m e n t i o n e d ,  t h e re  w a s  a r e l a t i o n s h i p  
b e t w e e n  M P  an d  total  ca lo r i c  in take) .
T o  d e t e r m i n e  the  d e g r e e  that  tw in s  w e r e  s i m i l a r  in d i e t a r y  and  
s e r u m  lev el s  o f  c a r o t e n o i d s ,  M P  lev el s ,  a c t i v i ty  l evel s ,  b i r t h - w e ig h t ,  
a n d  p r e s e n t  he ig h t ,  i n t r ac la s s  c o r r e l a t i o n s  w e re  p e r f o r m e d .  T a b l e  4 
d i s p l a y s  the  in t r ac la s s  co r re l a t i o n s  fo r  these  va r ia b le s .  A s  ca n  be 
n o t e d  in the t ab le ,  the  in t r ac la ss  c o r r e l a t i o n s  for  M P ,  s e r u m  lute in  
a n d  d i e t a r y  c r y p to x a n t h in  are  low a n d  n o n s ig n i f i c a n t .  In o r d e r  to 
a s s e s s  w h e t h e r  the  low in t rac la ss  co r re l a t i o n  fo r  M P  w a s  d u e  to  a 
l ack  o f  p o w e r ,  a p o w e r  ana ly s i s  w a s  p e r f o rm e d  (b a s ed  u p o n  <|)a, as 
e x p l a i n e d  in the  A p p e n d ix ) .  Th i s  an a ly s i s  w a s  d e s i g n e d  to  a s c e r t a in  
the  s a m p l e  s i ze  n e c e s s a r y  to d e t e r m i n e  w h e t h e r  the  v a r i a b i l i t y  
b e t w e e n  tw in s  w a s  less  than the va r ia b i l i ty  a c ro s s  tw ins .  In o r d e r  to
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d e t e r m i n e  the  v a r ia b i l i ty  w i th in  tw in s  (i .e. ,  o £ ), the  a v e r a g e  i n t e r ­
se s s io n  s t a n d a r d  d e v ia t i o n  w a s  ca lc u l a t e d  fo r  the  tw in s  a n d  for  an  
a d d i t i o n a l  t w e n t y  n o n - t w i n  s u b jec t s .*  T h e  m e a n  s t a n d a r d  d e v ia t i o n  
ac ro s s  5 ses s io n s  for  each o f  the  tw en ty  tw ins  w a s  .07.  W h e n  the  
t w e n t y  n o n - t w i n  sub jec t s  w e re  ad d e d  to  this  p oo l ,  th is  v a lu e  d id  no t  
c h a n g e .  T h e  s t an d a r d  d ev ia t io n  o f  the  m ean  M P  d e n s i ty  v a lu e s  fo r  
the  t w e n t y  tw in s  w as  .17 and,  s imi lar ly ,  this  va lue  d id  not  c h a n g e  
w i th  the  ad d i t i o n  o f  the  tw en ty  n o n - tw in  su b jec t s .  F ig u r e  9 
i l lu s t ra te s  the  re sul ts  o f  the p o w e r  ana ly s i s .  T h i s  f i gu re  w a s  b a se d  
up on  an o e = . l () and an ac ro ss - tw in  d i f fe re nce  o f  .14. T h u s ,  e v e n  if 
the  v a r i a b i l i t y  wi th in  tw ins  w a s  as  h igh as  .10  and the  v a r ia b i l i ty  
a c r o s s  tw in s  w a s  as low as .14,  the  p re sen t  p ro c e d u re  (u s in g  10 twin  
pa i rs )  c o u l d  d e t e c t  the  d i f f e ren ces  wi th  a p o w e r  eq u a l  to  .75.  W h e n  
the  v a lu e s  are  c h a n g e d  to re f lec t  the  ac tua l  v a r ia b i l i t i e s ,  o n l y  t h re e  
t w in  p a i r s  ar e  n e c e s s a ry  in o r d e r  to  de t ec t  s im i l a r i t i e s  b e t w e e n  tw in s  
tha t  e x c e e d  s im i l a r i t i e s  ac ross  twins .  B ased  up o n  th is  an a ly s i s ,  it was  
d e t e r m i n e d  th a t  the  s a m p le  s ize  used  in the  p r e s e n t  s t u d y  w as  
su ff i c ie n t .  T h i s  c o n c lu s io n  is s u p p o r t ed  by the  s ig n i f i can t  n u m b e r  of  
in t r a c la s s  c o r r e l a t i o n s  for  the  o t h e r  var iab les .  A s  s h o w n  in T ab le  4, 
n ine  o f  the  t w e l v e  v a r i a b l e s  a s s e s s e d  s h o w e d  h ig h ly  s ig n i f i c a n t  
i n t r a c l a s s  c o r r e l a t i o n s .
* D a ta  from  th e s e  s u b je c ts  w ere  o b ta in e d  fro m  a s tu d y  c o n d u c te d  c o n c u r r e n t ly  
by  th i s  a u th o r  an d  C u r ra n - C e lc n ta n o  and  Fuld .
CHAPTER IX 
DISCUSSION
T w i n  s tu d i e s  are  o f t en  c o n d u c t e d  to  a d d r e s s  f u n d a m e n t a l  
r e s e a r c h  q u e s t i o n s .  F o r  e x a m p l e ,  the  o b s e r v a t io n  th a t  s c h i z o p h r e n i a  
t e n d e d  to  run in f a m i l i e s  p r o m p t e d  the  a s s e s s m e n t  o f  s c h i z o p h r e n i a  
in i d en t i ca l  tw ins .  H o w e v e r ,  the  f in d in g  that  s c h i z o p h r e n i a  w a s  o f t en  
f o u n d  in iden t i ca l  tw ins  w a s  not  p r o o f  tha t  this d i s e a s e  had  a 
s ig n i f i c an t  g en e t i c  c o m p o n e n t .  T h i s  is b ec au s e  id en t i ca l  tw in s  share  
s i m i l a r  e n v i r o n m e n t s  as  well  as s ha r in g  the  s a m e  g e n o m e .  O n e  
m e t h o d  fo r  m i n im i z i n g  this d i f f i cu l ty  is to  c o m p a r e  iden t i ca l  tw in s  
wi th  s a m e - s e x  d i z y g o t i c  or  f r a te rnal  tw ins .  F ra t e rn a l  tw i n s  share
a p p r o x i m a t e l y  the  s a m e  d e g r e e  o f  e n v i r o n m e n t a l  i n f l u e n c e  ( t h o u g h
this  is p r o b a b ly  a fau l ty  a s s u m p t io n )  but  on ly  5 0 %  o f  t h e i r  gene s .
T h i s  c o m p a r i s o n  is th en  e x p r e s s e d  q u a n t i t a t i v e l y  as  the  h e r i t a b i l i t y  
ra t io  ( w h i c h  r a n g e s  f rom  0  to 1 and  is t r an s la t ed  p re c i s e ly  as  a 
c o r r e l a t i o n  co e f f i c i en t ) .  Th i s  type  o f  e s t im a te  is e x t r e m e l y  v a lu ab le
in a c l in ica l  s en se  b ecause  it he lps  d e t e r m in e  the d e g r e e  to  w h ic h
e n v i r o n m e n t a l  i n t e r v e n t i o n  ca n  be  c o n s i d e r e d  ( T h o m p s o n  an d  
T h o m p s o n ,  1986 ) .
W h i l e  th is  m e t h o d o l o g y  se rves  as the  n o r m  in tw in  r e sea rc h ,  
tw in s  c a n  a l so  be  useful  in ex p e r im en ta l  s tud ies  by the i r  use  as 
m a t c h e d  pai r s .  W h i l e  this m e t h o d  e x c lu d e s  the e v a l u a t i o n  o f  
h e r i t a b i l i ty ,  it is a useful  b io m et r i c  m e t h o d  fo r  i s o la t in g  the  
r e l a t i o n s h i p  b e t w e e n  v a r ia b l e s  w h i l e  m i n i m i z i n g  b i o l o g i c a l  i n f l u e n c e s  
( H r u b e c  an d  R o b in e t t e ,  1984) .  F o r  e x a m p l e ,  S c h w a r t z  (1 9 8 1 )
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a s s e s s e d  the  e f f e c t  o f  t r o p i c a m i d e  (an  o p h t h a l m i c  s o lu t io n )  on  
m y o p i a  in 25 twin  pai rs .  T h e  tw in s  w h o  r e c e iv e d  the  t r e a t m e n t  
s h o w e d  a s l igh t  ( i .e. ,  n o n s ig n i f i c an t )  i m p r o v e m e n t  in acu i ty .  T h i s  
t y p e  o f  s t u d y  w a s  pa r t i c u la r ly  a m e n a b l e  to  th is  type  o f  an a ly s i s ,  
s ince  the  u n d e r ly i n g  m y o p i c  fa c t o rs  in bo th  o f  the  tw i n s  w e re  
e s s e n t i a l l y  the  same.
T h e  p r e s e n t  s t u d y  u sed  the  m a t c h e d - p a i r s  m e t h o d o l o g y  to  
a s s e s s  M P  d i f f e r e n c e s  as  a func t i on  o f  d i f f e r e n c e s  in s e r u m  
c a r o t e n o i d  l evels  and  d i f f e r e n c e s  in d ie t .  T h i s  m e t h o d o l o g y  w a s  
p a r t i c u l a r l y  r e l e v a n t  b e c a u s e  l i t t le is k n o w n  r e g a r d i n g  the  
r e l a t i o n s h i p  b e t w e e n  the  in take  o f  c a r o t e n o i d s  an d  t h e i r  d e p o s i t i o n  
w i th in  the  eye .  T h u s ,  d i f f e ren c es  in M P  d e n s i ty  in r e g u la r  s u b j ec t s  
c o u l d  be a fu n c t io n  o f  e i t h e r  b io log ical  d i f f e r e n c e s  o r  d i f f e r e n c e s  in 
pa s t  d ie t .  B y  us ing ident i ca l  twins ,  b io log ic a l  d i f f e r e n c e s  in the  
s y n t h e s i s  o f  c a r o t e n o i d s  (e .g . ,  in the  ab s o rp t io n  o f  c a r o t e n o i d s  w i th in  
the  g u t )  w o u l d  be m in im ized .*  T hus ,  an y  d i f f e r en c es  in M P  d e n s i ty  
f o u n d  b e t w e e n  tw in  pa i rs  sh o u ld  be a fu n c t io n  o f  d i e t a r y  in t ak e  ( to  
the  d e g r e e  that  b io log ic a l  r e s p o n se  to  i n g e s t e d  c a r o t e n o i d s  is s imi lar ) .  
T h o u g h  n o  e v i d e n c e  is av a i l ab le  on the s im i l a r i t i e s  o f  iden t i ca l  tw in s  
in r e g a r d  to  c a ro t e n o i d  m e t a b o l i s m ,  it is of ten  o b s e r v e d  that  tw in s  
r e a c t  s im i l a r ly  to  m e d ic a t io n  (H r u b e c  an d  R o b in e t t e ,  1984).
T h e  m a j o r  f i n d in g  in the  p re sen t  s tu d y  w as  that  5 o u t  o f  the  10 
tw in  p a i r s  h ad  s t a t i s t i ca l ly  s ig n i f i c an t  d i f f e r e n c e s  in M P  d en s i ty .  
W h e r e a s  it is no t  po ss ib le  to  e s t im a te  the  e x t e n t  to w h ic h  M P  is 
h e r i t a b le  f r o m  thes e  data ,  it is at leas t  e v i d e n t  tha t  M P  is not
* II is  no t  c le a r ,  h o w e v e r ,  the  d e g re e  to  w h ich  s im i la r i t i e s  in c a ro t e n o id  
m e ta b o l i s m  c a n  be e x p e c te d  in iden t ica l  tw in s .  T h i s  n e e d s  to  be e x a m in e d .
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c o m p l e t e l y  g en e t i c a l ly  co n t ro l l ed .  T h o u g h  it is l i ke ly  that  there  
ex i s t s  a n u m b e r  o f  p i g m e n t s  w i th in  the  ey e  w h o s e  level  are  
c o n t r o l l e d  by h e red i ty  (e .g . ,  m elan in ;  W e i t e r  et  al . ,  1985) ,  the  d a t a  
f r o m  the  p r e s e n t  s tu d y  are  not  c o n s i s t e n t  wi th  the  h y p o t h e s i s  tha t  
M P  is p r i m a r i l y  co n t r o l l e d  t h r o u g h  the  g e n e s  ( H a n d e l m a n  et .  al . ,
1991).  In fac t ,  a n u m b e r  o f  tw in  pai rs  ar e  c o n s i d e r a b l y  d i f f e ren t ,  
w i th  a r a n g e  e q u a l i n g  the  low es t  and h ig h es t  l ev el s  t y p i ca l l y  
e n c o u n te r e d  wi th in  o u r  lab.  Th i s  f i nd ing is r e f l ec ted  in the  low 
in t r ac la s s  co r r e l a t i o n  f o u n d  for  MP.
A p o w e r  an a ly s i s  ind ica ted  that  the  lack o f  a r e l a t i o n s h i p  
b e t w e e n  tw in s  w a s  not  d u e  to in su ff i c i en t  s a m p le  s ize .  T h i s  
c o n c l u s i o n  is s u p p o r t e d  by the h igh in t r ac la s s  c o r r e l a t i o n s  f o u n d  for  
s e r u m  z e a x a n t h i n ,  s e r u m  P - c a r o t e n e ,  d i e t a r y  c a r o t e n o i d s ,  a c t i v i t y  
level ,  b i r th  w e i g h t  an d  p re sen t  height .  T h e s e  c o r r e l a t i o n s  are  
c o n s i s t e n t  w i th  p a s t  re sea rc h  that  has  s h o w n  h igh  i n t r ac la s s  
c o r r e l a t i o n s  in nu t r i en t  in take  ( W a d e ,  M i ln e r  an d  K ro n d l ,  19 81 )  and 
s e r u m  l ip id l evels  (He l le r ,  Fai re ,  P ed e r so n ,  D a h le n ,  M c C l e a r n ,  1993) .
I f  M P  is not  co n t ro l l ed  t h ro u g h  the  genes ,  w h a t  fa c to r s  d o  
d e t e r m i n e  M P  leve l s?  T h e  d a t a  f r om  the  p r e s e n t  s tu d y  s u g g e s t  tha t  
d ie t  is a p r im ary  factor.  Th e ove ra l l  e f fec t  o f  d i e t  is ap p a re n t  in 
F ig u r e s  8. T w i n s  w h o  posses s  s ign i f i can t ly  d i f f e ren t  M P  lev el s  a l so  
s h o w  c o n s i d e r a b l e  ove r a l l  d i f f e r e n c e s  w i th in  t he i r  d i e t  (a s  
d e m o n s t r a t e d  by d ev ia t i o n s  f r om  a log ra t io  o f  0) .  As  s h o w n  in T ab le  
5, these  d i f f e r e n c e s  are  of ten  s y s tem a t i c .  F o r  e x a m p l e ,  tw in s  w h o  
h av e  h ig h e r  M P  lev el s  a l so  h ave  hi gher  fa t  in take .  F u r th e r ,  a 
n u m b e r  o f  v a r i a b l e s  tha t  s h o w  s ig n i f i c an t  c o r r e l a t i o n s  w i th  M P  
d e n s i ty  (see  T a b l e  3) are  k n o w n  to  af fec t  c a r o t e n o i d  m e t a b o l i s m .  For
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e x a m p l e ,  d i e t a r y  in take  o f  i ron c o r re l a t ed  h ig h ly  w i th  M P  d e n s i t y
an d  has  been  s h o w n  to e n h a n c e  P - c a r o t e n e  a b s o r p t i o n  ( S w a n s o n  an d
P a r k e r ,  1993 ) .
E r d m a n  ( 1 9 8 8 )  has  l is ted a n u m b e r  o f  fa c to r s  tha t  c a n  a f f ec t  
c a r o t e n o i d  u t i l i za t io n  wi th i n  the  body.  T h e s e  fa c to r s  re la te  w e l l  to 
t he  r e l a t i o n s h i p s  fo u n d  b e t w e e n  M P  d e n s i t y  a n d  d i e t  v a r i a b l e s  in the  
p r e s e n t  s tudy.  F o r  e x a m p l e ,  l y copene ,  d ie t a r y  fat ,  o l e i c  ac id ,  and  
v i t a m in  A h a v e  all been  s h o w n  to e n h a n c e  p - c a r o t e n e  u t i l i z a t io n  an d  
h a v e  a m o d e r a t e  r e la t io n s h ip  to M P  dens i ty .  T h i s  s u g g e s t s  the  
p o s s i b i l i t y  tha t  these  v a r i a b l e s  af fe c t  the  a b s o r p t i o n  o f  lu te in  a n d  
z e a x a n t h i n  in a s im i l a r  m an n e r .  T h e  h ig h  c o r r e l a t i o n s  b e t w e e n
d i e t a r y  l y c o p e n e  an d  v i t am in  A and  s e r u m  z e a x a n t h i n  an d  lu te in  are
c o n s i s t e n t  w i th  th is  h y p o t h e s i s .
T h e  c o r r e l a t i o n s  l i sted  in T ab le  3 a l so  in d ica te  tha t  the  
r e l a t i o n s h i p s  b e t w e e n  M P  d e n s i t y  and the  c a r o t e n o i d s  tha t  c o m p o s e  
M P  is not  pu re ly  m o n o to n ic .  In fact ,  li tt le or  no  r e l a t io n s h ip  w a s  
f o u n d  b e t w e e n  M P  d e n s i t y  an d  d ie t a r y  a n d  s e r u m  z e a x a n t h i n  a n d  
lu t e i n .  T h i s  f i n d in g  w as  u n e x p e c t e d  s ince  these  ar e  the  c a r o t e n o i d s  
tha t  c o m p o s e  MP.  H o w e v e r ,  an ana lys is  o f  i n d iv id ua l  tw in  pai rs  
s u g g e s t s  a p o s s ib le  e x p lan a t io n .  It is l i ke ly  that  lu te in  and 
z e a x a n t h i n  d e p o s i t i o n  w i th in  the  ey e  is a f f ec te d  by the  c o m p l e x  
i n t e rp l ay  o f  a n u m b e r  o f  d ie t a ry  va r iables .  F o r  e x a m p l e ,  tw in  B1 has  
s i g n i f i c a n t ly  h ig h e r  M P  d e n s i ty  than twin  B2  but  l o w e r  s e r u m  an d  
d i e t  c a r o t e n o i d s .  H o w e v e r ,  tw in  B1 has  c o n s i d e r a b l y  h i g h e r  fa t  
i n take  than  tw in  B2.  S ince  fa t  is n ec e s s a ry  to a b s o r b  c a r o t e n o i d s  
f r o m  the d ie t ,  it is poss ib le  tha t  the d i f f e ren c es  in fa t  in take  m i g h t  
a c c o u n t  for  the  fac t  tha t  twin  B1 has  m o r e  M P  than tw in  B2.  As
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m e n t i o n e d ,  tw in s  w h o  d i f f e r  in M P  d en s i ty  ten d a l so  to  d i f f e r  in 
d i e t a r y  i n t a k e  o f  s u b s t a n c e s  tha t  m a y  a f fec t  c a r o t e n o i d  u p ta k e .
It is g e n e r a l l y  ac c e p t e d  in the f ie ld o f  nu t r i t io n  tha t  d i e t a r y
s u b s t a n c e s  of ten  in teract  in a c o m p le x  m an n e r .  T h u s ,  m o d i f y i n g  M P
l ev e l s  m i g h t  not  be as s im p le  as s u p p ly in g  s u p p l e m e n t s  o f  
z e a x a n t h i n  and lutein.  If  M P  is to be m o d i f i e d  for  t h e ra p eu t i c  
p u r p o s e s  it m a y  be i m p o r t a n t  to u n d e r s t a n d  these  i n t e r a c t io n s .  T h e  
i m p o r t a n c e  o f  u n d e r s t a n d i n g  the f a c to r s  tha t  i n f l u e n c e  the
a b s o r p t i o n  an d  d e p o s i t i o n  o f  z e ax a n th in  an d  lu te in  is f u r th e r
s u g g e s t e d  by r e c e n t  e p i d e m i o l o g i c a l  s t u d i e s  th a t  h a v e  h i g h l ig h t e d  
the  i m p o r t a n c e  o f  s e r u m  ca ro ten o id s .  E D C C  ( 1 9 9 2 )  has  s h o w n  that  
s e r u m  c a r o t e n o i d  l ev el s  o f  l u t e in /z e a x a n th in ,  p - c a r o t e n e ,  a - c a r o t e n e ,  
c r y p t o x a n t h i n  a n d  l y c o p e n e  are  i n v e r s e ly  a s s o c i a t e d  w i th  ag e -  
r e l a t e d  n i a c u l o p a th y .  T h e s e  type  o f  s t u d i e s  h a v e  no t  s e p a r a t e d  the  
c a r o t e n o i d s  w i th in  the  s e r u m  so it is d i f f i cu l t  t o  k n o w  w hich  
c a r o t e n o i d s  are  r e s p o n s i b l e  for  this  p ro t ec t iv e  e f fe c t .  H o w e v e r ,  s ince  
lu te in  and  z e a x a n th in  are the on ly  tw o  o f  the se  c a r o t e n o i d s  f o u n d  
w i th in  the  ce n t r a l  re t ina ,  it is po s s ib le  tha t  thes e  sp ec i f ic  c a r o t e n o i d s  
ar e  p r im a r i l y  r e s p o n s i b l e  for  the  p ro tec t io n  that  is fo u n d  there .  T h i s  
p o s s i b i l i t y  is s u p p o r t e d  by e v id e n c e  s h o w i n g  that  M P  s e r v e s  to 
r e d u c e  l ight  d a m a g e  to the  m acu la ,  and its l ev el s  are  i n v e r s e ly  
r e l a t e d  to  m a c u l a r  d i s e a s e  s t a te s  (e .g . ,  H a e g e r s t r o m - P o r t n o y ,  1988;
W e i t e r  et  al . ,  1988).  T h e  f ind ings  o f  the  p re sen t  s tudy  that  ind ica te  
tha t  M P  is n o t  p r im ar i ly  co n t ro l l ed  by the  gene s ,  o f f er s  h o p e  th a t  M P  
le v e l s  m i g h t  be m o d i f i e d  fo r  the p u r p o s e  o f  t r e a t m e n t  o r  p r e v e n t io n .
T h i s  c o n c lu s i o n  m u s t  be m ad e  ca re fu l l y .  D e sp i t e  the  fac t  tha t  
M P  is d e r iv e d  f r o m  the d ie t ,  M P levels  m ay  be in f lu en c ed  by a
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n u m b e r  o f  n o n -n u t r i t i o n a l  fac tors .  F o r  e x a m p l e ,  the  spat i a l  e x t e n t  o f  
the f o v e a  an d  fo v e a l  r e c e p to r  d e n s i t y  are  l ike ly  to  var y  a c r o s s  
su b jec t s  ( C u rc io ,  S lo an ,  P acke r ,  H e n d r i c k s o n  and  K a l in a ,  198 7)  and 
m ay  i n f lu en c e  M P  levels .  It is l ikely  that  thes e  d i f f e r e n c e s  are  
m i n im a l  in iden t i ca l  tw ins ,  a l t h o u g h  there  is no  e v i d e n c e  a v a i l a b le  
on th is  point .  F u r th e r m o r e ,  it is d i f f i cu l t  to d e t e r m i n e  w h e t h e r  
re ce n t  d i e t  or  m o r e  l o n g - t e rm  pa t t e rns  o f  d i e t a r y  in t ak e  ar e  
im p o r t a n t .  C o n s e q u e n t l y ,  the  p re sen t  c o r r e l a t i o n s  c o u l d  be a 
fu n c t io n  o f  the  fac t  tha t  ac u te  m e a s u r e s  o f  d ie t  re f l e c t  l o n g - t e r m  
t rend s .  In fac t ,  the o b s e r v a t io n  that  M P  lev el s  t end  to r e m a i n  s t ab le  
o v e r  l o n g  p e r i o d s  s u g g e s t s  tha t  l o n g - t e r m  p a t t e r n s  in d i e t a r y  i n t ak e  
are im p o r t an t .  O n e  po ss ib le  m e th o d  o f  te s t ing  th is  h y p o t h e s i s  (i .e. ,  
tha t  M P  l ev e l s  are  d e t e r m i n e d  th ro u g h  l o n g - t e rm  p a t t e r n s  o f  d i e t a r y  
in t ak e )  is t h r o u g h  the  use  o f  a r e t r o s p e c t iv e  d i e t a r y  q u e s t i o n n a i r e .  
T h e r e  is e v i d e n c e  that  these  type  o f  q u e s t i o n n a i r e s  su p p ly  a c c u r a t e  
d a t a  w h e n  c o m p a r e d  to  r e f e r e n c e  d a ta  o b t a i n e d  as  m a n y  as  10-15 
yea rs  e a r l i e r  (S ob el l ,  B lock,  K o s lo w e ,  To b in  and  A n d re s ,  1989).  Th i s  
type  o f  a p p r o a c h  is re ce iv in g  m o re  a t t en t ion  wi th  the  i n c r e a s i n g  
fo cu s  on  the  p o s s ib i l i t y  tha t  l o n g - t e rm  p a t t e r n s  in d i e t a r y  in take  
h ave  i m p o r t a n t  ro les  in d i s e a s e  ca u s a t io n .
T h e  re su l ts  o f  the  p re s en t  s tud y co u l d  be r e in f o rce d  by  a 
n u m b e r  o f  f o l l o w - u p  s tudies .  For  e x a m p l e ,  the  e x a m i n a t i o n  o f  
y o u n g e r  tw in s  w h o  sh o w  s ig n i f i can t  d i f f e r e n c e s  in M P  d e n s i t y  w o u l d  
a l l o w  fo r  pas t  d i e t a r y  in take  to be m o re  a c c u r a t e l y  m e a s u r e d .
F u r th e r ,  an  e x a m i n a t i o n  o f  o ld e r  ident ica l  tw in s  w h o  s h o w  s i g n i f i c a n t  
d i f f e r e n c e s  in M P  d e n s i ty  co u ld  inv e s t ig a t e  the  l o n g - t e r m  
c o n s e q u e n c e s  o f  d i f fe re n t  M P  levels  wi th in  the  eye .  T o  the  d eg r ee
tha t  M P  is in f lu en c ed  by diet ,  the  d i spa r i ty  o f  M P  levels  w i th in  a 
twin  pai r  sh o u ld  be a func t ion o f  age .  T hus ,  a s a m p le  o f  y o u n g e r  
tw i n s  sh o u ld  s h o w  h ig h e r  in t r ac la ss  c o r r e l a t i o n s  fo r  M P  th a n  a 
s a m p l e  o f  o l d e r  twins .  D e te r m in in g  the fac tor s  tha t  co n t ro l  M P  
l ev e l s  is n e c e s s a r y  be fo re  m o d i f i c a t i o n  fo r  t h e r a p e u t i c  or  
p r o p h y l a c t i c  p u r p o s e s  is c o n s i d e r e d .
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( p i ) .  R e p e a t e d  m e a s u r e m e n t s  o f  s ingle  s e r u m  s am p le .
D a te L u t e i n
S e r u m
Z e a x a n t h i n ( J - c a r o t e n e
0 1  / I  9 / 9 4 . 1 5 1 0 . 0 5 0 1 . 3 6 3 8
0 1 / 2 5 / 9 4 . 1 7 5 0 . 0 4 9 7 . 3 3 0 5
0 1 / 2 7 / 9 4 . 1 7 6 0 . 0 3 5 5 . 3 9 6 0
0 2 / 2 3 / 9 4 . 1 7 3 0 . 0 5 9 6 . 4 4 1 0
0 3 / 1 7 / 9 4 . 1 6 8 0 . 0 4 1 7 . 4 7 6 0
0 4 / 1 1 / 9 4 . 1 8 1 5 . 0 3 6 1 . 3 6 1 5
M e a n . 1 7 0 8 . 0 4 5 5 . 3 9 4 8
SD . 0 0 9 7 . 0 0 8 6 . 0 4 9 9
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T a b l e  2.  M a c u l a r  p i g m e n t  l ev el s  as m e a s u r e d  o v e r  f ive  
e x p e r i m e n t a l  s e s s i o n s  wi th  m e a n  v a lu es  and  a s s o c i a t e d  tes t s  o f  
s i g n i f i c a n c e .












A 1 . 6 2 .49 .74 .55 .47 .57
A 2 . 3 9 .46 .41 .38 .37 .40
B 1 . 4 4 .36 .25 .27 .32 .33
B 2 . 2 4 .24 .01 .02 .00 .10
C l . 4 9 .50 .69 .63 .50 .56
C2 . 0 5 .16 .05 .19 .00 .09
D1 . 4 2 .40 .42 .29 .20 .35
D2 . 0 0 .07 .05 .09 .20 .08
E l . 5 3 .39 .40 .40 .36 .42
E2 . 0 0 .00 .14 .00 .13 .05
F I . 0 4 .23 .04 .00 .20 .10
F 2 .01 .00 .05 .00 .00 .01
G1 . 2 6 .31 .10 .16 .08 .18
G 2 . 2 5 .08 .17 .10 .12 .14
H I . 4 4 .40 .57 .48 .39 .46
H 2 . 2 8 .36 .66 .12 .60 .40
I 1 . 2 9 .45 .41 .23 .30 .34
I 2 . 6 4 .26 .19 .19 .23 .30
J1 .27 .38 .38 .39 .39 .36
J 2 .52 .26 .38 .32 .27 .35
t(4) = 3 .33,  p< .03* 
t (6) = 3.43,  pc .Ol  * 
t(7) = 8 .61,  p c . 0 0 1 *  
t(7) = 4.81,  p < .002*  
t(7) = 8.17,  p<.001*  
t (4) = 1.88, p<.  13 
t (7) = .70, pc.51 
t (4)  = .49, p<.65 
t (5) = .36, P<.73 
t (5) = .23, p<.83
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T a b l e  3. P e a r s o n  P r o d u c t  M o m e n t  c o r r e l a t i o n s  for  all  v a r i a b l e s  
ac ro s s  tw in  pai r s .
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T a b l e  4 :  I n t r a c l a s s  c o r r e l a t i o n s  fo r  n ine  v a r i a b l e s  a c r o s s  the  ten
tw i n  pa i r s .
V a r i a b l e P d ) F  val ue p  val ue
M a c u l a r  p i g m e n t 0 . 0 3 1 . 2 9 0 . 3 5 0
S e r u m  L u t e i n 0 . 0 9 1 . 9 7 0 . 1 5 0
S e r u m  z e a x a n t h i n 0.62 17.03 0 . 0 0 0 1 0
S e r u m  ( 3 - c a r o t e n e 0 . 2 2 3 . 7 5 0 . 0 2 6
D i e t  lu te in 0 . 2 7 4 . 6 3 0 . 0 1 3
D i e t  x a n t h o p h y l l s 0 . 1 8 3 . 1 3 0 . 0 4 5
D ie t  ( 3 - c a r o t e n e 0 . 5 7 3 . 5 2 0 . 0 3 1
D ie t  l y c o p e n e 0 . 3 4 6 . 0 5 0 . 0 0 5
D i e t  C r y p t o x a n t h i n 0 . 1 0 2 . 0 5 0 . 1 3 9
A c t i v i t y  l eve l 0 . 4 2 8 . 0 8 0 . 0 0 2
B i r th  w e i g h t 0 . 4 5 6 . 7 8 0 .0 005
P r e s e n t  h e i g h t 0 . 8 7 41.23 0.0000 1
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T a b l e  5.  R e l a t i o n s h i p s  b e t w e e n  d i e t  v a r i a b l e s  an d  t w i n s  w h o  s h o w  
s t a t i s t i c a l ly  s i g n i f i c a n t  d i f f e r e n c e s  in M P d e n s i t y  ( A - E )  as c o m p a r e d  w i th  
tw i n s  w h o  d o  no t  s h o w  s ign i f i can t  d i f f e ren ces  in M P  d e n s i t y  (F-J ) .  T w i n s  
w i th in  e a c h  p a i r  w h o  s h o w  h ig h e r  M P  (A - E ) ,  a l so  s h o w  c o n s i s t e n t ly  h i g h e r  
l ev e l s  o f  the  d i e t  v a r ia b le s  c o n t a i n e d  in the  table.
S u b j e c t MPOD
Oleic
A c i d
Lino.
A c i d Sat  fat Tot  fat Choi S o d i u m To t  Cal
A 1 0 . 5 7 4 2 0 . 2 1 3 . 6 1 5 . 3 5 5 . 4 2 1 4 . 5 4 1 6 3 . 0 2 2 2 6 . 3
A 2 0 . 4 0 2 1 4 . 3 1 2 . 0 1 2 . 7 4 5 . 0 1 6 0 . 6 2 6 8 9 . 7 1 6 8 4 . 5
B 1 0 . 3 2 8 1 1.3 5 . 7 12.1 3 2 . 4 1 0 2 . 5 1 8 3 3 . 4 1 0 6 2 . 2
B2 0 . 1 0 2 4 . 2 2 . 8 3 . 7 1 1 . 4 3 8 . 8 1 6 2 3 . 2 1 0 5 9 . 2
Cl 0 . 5 6 2 1 3 7 . 5 5 8 . 5 1 3 9 . 9 3 6 0 . 3 1 1 1 4 . 3 1 3 5 9 3 8 0 5 0 . 3
C2 0 . 0 9 0 7 9 . 8 3 9 . 6 7 6 . 4 2 0 9 . 5 8 5 5 . 6 6 7 4 8 . 9 5 2 1 9 . 1
D1 0 . 3 4 6 1 0 0 . 7 5 2 . 6 1 0 1 . 6 2 5 9 . 8 9 8 2 . 9 9 9 9 7 . 7 4 9 4 8 . 7
D2 0 . 0 8 0 6 5 . 3 3 0 . 4 6 5 . 1 1 7 4 . 5 6 9 0 . 2 6 0 9 0 . 7 3 7 6 0 . 4
E l 0 . 4 1 6 2 8 . 1 1 5 . 6 2 7 . 2 7 5 . 6 3 2 9 . 7 3 7 5 7 . 6 2 1 2 8 . 4
E2 0 . 0 5 4 2 5 . 5 1 4 . 9 2 3 . 7 6 6 . 8 2 9 5 . 1 2 7 0 7 . 1 1 6 6 3 . 3
F I 0 . 1 0 0 4 6 . 5 3 1 .0 4 2 . 7 1 2 4 . 2 2 7 5 . 2 3 4 9 0 . 8 2 6 1 9 . 2
F 2 0 . 0 1 2 3 2 . 9 2 5 . 8 3 7 . 6 1 0 2 . 9 2 1 7 . 8 2 4 1 9 . 5 1 6 8 9 . 4
G1 0 . 1 8 0 3 2 . 9 2 2 . 7 3 0 . 3 9 4 . 6 2 3 3 . 8 3 9 2 8 . 9 2 3 7 1 . 5
G2 0 . 1 4 4 4 2 . 2 2 4 . 7 4 1 . 9 1 1 6 . 5 2 2 9 . 4 4 6 0 2 . 4 2 7 3 9 . 2
H I 0 . 4 5 6 5 3 . 8 4 2 . 4 6 0 . 7 2 0 3 . 5 3 4 0 . 1 5 1 1 1 . 1 8 2 5 7 . 4
H 2 0 . 4 0 4 6 4 . 3 3 7 . 3 6 7 . 6 1 8 2 . 0 5 8 2 . 0 6 3 8 1 . 9 3 6 0 3 . 4
I 1 0 . 3 3 6 3 8 . 5 1 7 .3 3 9 . 9 9 9 . 6 2 7 8 . 4 3 8 9 8 . 3 2 2 8 4 . 4
12 0 . 3 0 2 3 6 . 8 9 . 3 4 3 . 7 9 6 . 0 3 3 6 . 4 4 5 5 6 . 9 2 6 3 2 . 2
J1 0 . 3 6 2 5 3 . 4 2 6 . 0 4 9 . 4 1 4 0 . 7 4 1 2 . 4 6 3 1 5 . 1 3 7 0 8 . 2
J 2 0 . 3 5 0 1 0 0 . 1 6 7 . 0 7 8 . 6 2 5 9 . 0 5 9 5 . 3 7 7 7 9 . 9 5 5 8 3 . 0
F ig u r e  1: A sc h e m a t ic  o f  a fo u r -ch a n n e l  M a x w e l l i a n  v i e w
sy s tem .  T h e  f o l l o w i n g  ab b r e v i a t i o n s  are  used to ind ica te  
the  ind iv idua l  c o m p o n e n t s  o f  the sys tem:  W B  = W a te r  bath;
IF  = In ter ference  filter;  M C  = M o n ochrom a to r ;  B F  = B lock ing  
filter;  R A P  = Rig h t- an g le  pr ism;  A = Aperture ;  M = Mirror;  
Sh = Shut ter ;  X = X enon-a rc  l ight source;  LS = Light  source  
( tungsten) ;  FV = F l icke r  vane;  W  = W ed g e ;  BS = Beam 
spli tter;  F O  = F ib e r  op t ics  cable ;  P D  = Pho todetecto r ;
E V  = E y e  view;  R = Sl id ing Ruler ;  S = Ad jus tab le  stand;
HR  = He ad  rest;  BB  = Bi te  bar.
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Figu re  1
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F ig u r e  2: A c o m p a r i s o n  o f  the  a b s o r p t io n  spec t r a  as  d e r iv e d
u s in g  h e t e r o c h r o m a t i c  f l i ck e r  p h o t o m e t r y  in o u r  l ab  ( f i l l ed  
s q u a r e s ) ,  m i c r o s p e c t r o p h o t o m e t r y  ( d i a m o n d s )  a n d  a t e m p l a t e  
(so l id  l ine )  d e r iv e d  f r o m  a n u m b e r  o f  o t h e  p s y c h o p h y s i c a l  









A comparison of absorption spectra derived by different 












F i g u r e  3: A c o m p a r i s o n  o f  a v e r a g e  m a c u l a r  p i g m e n t  d e n s i t y
a c r o s s  tw in  pai rs  w i th  a s s o c i a t e d  s t a n d a r d  d e v i a t i o n  bars .
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A c o m p a r i s o n  o f  a v e rag e  m a c u l a r  p i g m e n t  d e n s i t y  ac ro s s  tw in  pai rs  






F ig u r e  4: A c o m p a r i s o n  o f  s e rum  ca r o t e n o id  c o n c e n t r a t i o n s  ( p i )
a c r o s s  tw in  pai r s .
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A c o m p a r i s o n  o f  s e r u m  c a r o t e n o i d  c o n c e n t r a t i o n s  ( p i )  a c r o s s  tw in  
p a i r s .
Sp 10113)0 JBQ UinJSS
Figure 4.
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F ig u re  5: A c o m p a r i so n  o f  c a ro te n o id  in tak e  ac ro s s  tw in  p a irs  (as
a s s e s s e d  by  the  fo o d  h is to ry  q u e s t io n n a i r e ) .
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A c o m p a r i s o n  o f  c a ro te n o id  in take  a c ro s s  tw in  p a i rs  (a s  a s s e s s e d  by 
th e  f o o d  h is to ry  q u e s t io n n a i r e ) .
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F ig u re  6: L og  ra tio s  o f  d ie ta ry  and  se ru m  v a r ia b le s  fo r  tw in s
w h o  h a v e  s ig n i f ic a n t  d i f f e re n c e s  in m a c u la r  p ig m e n t  d e n s i ty .
T h e  fo l lo w in g  v a r ia b le s  w e re  used  in th is  an a ly s is :  M a c u la r
p ig m e n t  d e n s i ty  (1); S e ru m  lu te in  (2 ) ;  S e ru m  z e a x a n th in  
(3); S e ru m  p -c a ro te n e  (4); D ie ta ry  lu te in  (5); D ie ta ry  ze ax an th in
(6); D ie ta ry  p -c a ro te n e  (7); V i tam in  A (8); Iron  (9); S a tu ra ted  
fa t  (10); T o ta l  fa t (11); F ib e r  (12); and  total ca lo r ic  in tak e  (13).
1 0 4
L og  ra t io s  o f  d ie ta ry  and  se ru m  v a r iab les  fo r  tw in s  w h o  have  
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Figure 6.
F ig u re  7: L o g  ra t io s  o f  d ie ta ry  and  se ru m  v a r ia b le s  fo r  tw ins
w h o  d o  n o t  h a v e  s ig n i f ic a n t  d i f f e re n c e s  in m a c u la r  p ig m e n t  
d e n s i ty .  T h e  fo l lo w in g  v a r ia b le s  w e re  used  in th is  an a ly s is :  
M a c u la r  p ig m e n t  d e n s i ty  (1); S e ru m  lu te in  (2 ) ;  S e ru m  
z e a x a n th in  (3 ) ;  S e ru m  (3-carotene (4); D ie ta ry  lu te in  (5); 
D ie ta ry  z e a x a n th in  (6); D ie ta ry  p - c a ro te n e  (7); V i ta m in  
A (8); Iron  (9); S a tu ra ted  fat (10); T o ta l  fa t  (11 ) ;  F ib e r  
(12);  and  to ta l  c a lo r ic  in tak e  (13).
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L og  ra tios  o f  d ie ta ry  and se ru m  v a r ia b le s  fo r  tw in s  w h o  d o  not have  

















F ig u re  8: M ean  log  ra tios  o f  d ie ta ry  and  se ru m  v a r ia b le s  fo r  tw in s
w h o  d o  h a v e  s ig n i f ic a n t  d i f f e re n c e s  in m a c u la r  p ig m e n t  d e n s i ty  
( so l id  b ars )  and  tw in s  w h o  d o  not h av e  s ig n i f ic a n t  d i f f e r e n c e s  in 
m a c u la r  p ig m e n t  d e n s i ty  (b a rs  w ith  d ia g o n a l  l ines) .  T h e  fo l lo w in g  
v a r ia b le s  w e re  u sed  in this an a ly s is :  M a c u la r  p ig m e n t  d e n s i ty  (1);
S e ru m  lu te in  (2); S e ru m  z e ax an th in  (3); S e ru m  P - c a r o t e n e  (4 ) ;  
D ie ta ry  lu te in  (5); D ie ta ry  ze ax an th in  (6); D ie ta ry  p - c a r o t e n e  (7 ) ;  
V i tam in  A (8); Iron  (9); S a tu ra ted  fat (10); T o ta l  fa t  (11);  F ib e r  
(12 ) ;  and  to ta l  c a lo r ic  in take  (13).
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F ig u r e  9: T h e o re t ic a l  p o w e r  an a ly s is  b ase d  up o n  w i th in - s e s s io n





T h e o re t ic a l  p o w e r  an a ly s is  to  d e te rm in e  if  th e ir  w e re  a s u f f ic ie n t  






0 1 2 3 4  5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9  20
Twin Pairs
♦a - -------------
/ f i t
where: a ,  expected a across twins, .14
at / error variance (i.e., expected a within twins,
. 10 )
^ , defined within the appendix
Figure 9.
A P P E N D I X
T h e  fo l lo w in g  a p p e n d ix  c o n ta in s  the m ean  M P  d e n s i t i e s  an d  
m e a n  se ru m  v a lu e s  fo r  the  10 tw in  p a irs  e x a m in e d  in the  p re s e n t  
s tu d y .  T h e s e  v a lu e s  a re  fo l lo w e d  by  the 27 d ie ta ry  v a r ia b le s  
a s s e s s e d  ( in d ic a te d  by the  p re f ix ,  D .)  and  the in d iv id u a l  M P  d e n s i ty  
v a lu e s  an d  s e ru m  v a lu e s  used  in the  d e te rm in a t io n  o f  th e  m e a n .  
M is s in g  v a lu e s  a re  in d ic a te d  by a s te r isk s .
A B C D E F
1 Subject MPOD (mean) Serlut(mean) Serzea(mean) ’SerBC(mean) D. Xanth
2 A 1 0.574 0.127 0.027 0.194 1474
3 A2 0.402 0.151 0.041 0.192! 1130
4 B1 0.328 0.123 0.032 0.125! 2053
5 B2 0.102 0.279 0.037 0.464 1932
6 C1 0.562 0.103 0.026 0.208i 2538
7 C2 0.09 0.083 0.033 0.112 4449
8 D1 0.346 0.114 0.036 0.104 3838
9 D2 0.08 0.069 0.029 0.064 2321
1 0 E1 0.416 0.076 0.024 0.096 394
1 1 E2 0.054 0.078 0.026 0.098 320
1 2 F1 0.1 0.057 0.018 0.123 2438
1 3 F2 0.012 0.176 0.031 0.153 509
1 4 G1 0.18 0.101 0.03 0.138 1536
1 5 G2 0.144 0.089 0.03 0.179 1593
1 6 H1 0.456 0.085 0.029 0.048 2651
1 7 H2 0.404 0.066 0.021 0.029 940
1 8 11 0.336 0.097 0.063 0.105 937
1 9 12 0.302 0.099 0.057 0.233 1354
2 0 J1 0.362 0.173 0.071 0.454 3288
21 J2 0.35 0.231 0.071 0.437 6340
G I H 1 J K L
1 D.BC iD.Lut D. lycopene D. Crypto. D. Oleic Acid D. %fat
7 904 1147 1573 229 20.2 22.4
3 1238: 805 640 92 14.3 24
4 1881; 502 167 304 11.3 27.5
5 3792 1578 101 274 4.2 9.7
R 7034! 3097 1305 245 137.5 40.3
7 2003: 1854 701 4 051 79.8 36.1
8 2854! 3569 492 207 100.7 47.2
9 1126' 1668 545 227 65.3 41.8
1 n 6 2 1 1 371 431 45 28.1 32
11 112! 392 482 26 25.5 36.1
1 7 996 1860 232 284 46.5 42.7
1 3 586! 592 186 34 32.9 54.8
1 4 1516! 542 543 351 32.9 35.9
1 5 1690 433 528 204 42.2 38.3
1 R 924' 590 680 32 53.8 22.2
1 7 1948 1212 407 142 64.3 45.5
1 8 860 929 355 61 38.5 39.2
1 9 979 450 410 212! 36.8 32.8
2 0 5856 431 8 1 173 337 53.4 34.1
21 5417 9036 1567 337 100.1 41.8
1 I 4
M N  Q_Tot. Fat
 R_
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9 6 i 330.4
140.71 436.4
2591 576.1
S T U v “ T W X
1 D. % Carb. D. Vit A D. Choles. D. Sod. ID. Phos. D. Calc.
2 57.7 8358 214.5 4163' 1988.9 1542.3
3 54.1 7087.5 160.6 2689.7 1432.8 1202.9
4 57.8 6286.2 102.5 1833.4 723.4 551.2
5 75.2 13612.9 38.8 1623.2 1 793.8 615.2
6 39.9 24673.7 1114.3 13592.8 1 4929.6 3121.4
7 43.5 10116.1 855.6 6748.9! 2896.3 1336.9
8 35.4 14664.4 982.9 9997.7 3818.1 3030.4
9 42.5 8592.4 690.2 6090.7: 2645.5 2081.4
1 0 49.2 5135.3 329.7 3757.6! 1174.6 745
1 1 44.6 4140.9 295.1 2707.1! 909.1 470.8
1 2 45 5585.9 275.2 3490.8 1492.5 1052.4
1 3 34.3 4185.3 217.8 2419.51 1018.5 869.6
1 4 43.9 8518.2 233.8 3928.9 1840.5 1489.3
1 5 47.8 9495.5 229.4 4602.4 1813.3 1470.2
1 6 77.5 10929.7 340.1 5111.1 2555 1735.1
1 7 37 9331 582 6381.9 2350.1 1552.7
1 8 48 4973.9 278.4 3898.3 1101.3 548.9
1 9 50.2 8725.8 336.4 4556.9 2054.1 1687.21
20 47.1 22378.6 412.4 6315.1 2229.5 1084.61
21 41.3 26296.9 595 .31 7779.9 3095.3 1519.6!
1 I 5
Y Z AA AB AC I AD
1 D. Pot. D. Vit C D. Iron D. Niacin D. Tot. Cal Pres. Ht.
2 4579.5 215.6 1 6.4 18.8 2226.3 5 3^________
3 3325.2 165.3 1 1.2 17.3 1684.5 5 ' 3 “
4 21 18.4 271.2 7.6 10.6 1062.2 5'5"
5 2933.7 309.3 16.3 20.6 1059.2 5 ' 5 "
6 9860.3 404.7 47.3 64.1 8050.3 5 1 1”
7 6372.1 475.5 27.7 48.8 5219.1 6 ' 0 “
8 6348 346.3 29.7 36.6 4948.7 6'0"
9 5170 243 21.4 31 3760.4 6 ' 0 ”
1 n 2519.6 150.3 13.6 20.1 2128.4 5 ' 8 “
11 1901.2 134.1 10.3 16.3 1663.3 S'7.5"
1 ? 3385.6 351.1 15.1 24.2 2619.2 5'5.5"
1 3 2105.4 60.4 7.6 11.1 1689.4 5'6"_____
1 4 3869.3 215.9 14.4 23 2371.5 5 '5 .5 ”
1 5 3894.2 262 19.1 25.1 2739.2 5'2.5"
1 6 13564.7 i 343.6 44.2 35.9 8257.4 5 ’1 0 “
1 7 4275.1 112.8 22.6 33.9 3603.4:5'  1 0"
1 8 2163 103.4 16.5 22.9 22 8 4 .4 :5*7"
1 9 3670.3 191.5 19.2 31.6 2632.2 5'7"
2 0 6318.5 304.7 29.8 33.8 3708 .2 5'5"
21 8924.4 518.5 36.8 60 5583 5'5"
AE AF AG AH Al AJ
1 Pres. Wt. MP-1 MP-2 MP-3 MP-4 MP-5
2 1151 0.62 0.49 0.74 0.55! 0.47
3 112 0.39 0.46 0.41 0.38 0.37
4 129 0.44 0.36 0.25 0.27 0.32
5 115 0.24 0.24 0.01 0.02 0
6 145 0.49 0.5 0.69 0.63 0.5
7 169 0.05 0.16 0.05 0.19 0
8 210 0.42 0.4 0.42 0.29 0.2
9 183 0 0.07 0.05 0.09 0.2
1 0 135 0.53 0.39 0.4 0.4 0.36
1 1 130 0 0 0.14 0 0.13
1 2 107 0.04 0.23 0.04 0 0.2
1 3 115 0.01 0 0.05 0 0
1 4 120 0.26 0.31 0.1 0.16 0.08
1 5 1 15 0.25 0.08 0.17 0.1 0.12
1 6 165 0.44 0.4 0.57 0.48 0.39
1 7 170 0.28 0.36 0.66 0.12 0.6
1 8 125 0.29 0.45 0.41 0.23 0.3
1 9 130 0.64 0.26 0.19 0.19 0.23
20 120 0.27 0.38 0.38 0.39 0.39
21 120 0.52 0.26 0.38 0.32 0.27
1 1 t>
AK AL AM AN AO AP
1 SerLut-1 SerLut-2 SerZea-1 SerZea-2 SerBC-1 SerBC-2
2 0.1 17 0.138 0.026 0.028 0.1 84 0.204
3 0.168 0.151 0.031 0.041 0.15 0.192
4 0.108 0.137 0.027 0.036 0.12 0.13
5 0.318 0.241 0.047 0.027 0.503 0.425
6 0.103* 0.026 j 0.208
7 0.099 0.067 0.039 0 . 0 2 7 ! 0.141 0.082
8 0.122 0.106 0.031 0.04 0.129 0.079
9 0.072 0.067 0.031 0.028 0.079 0.049
1 0 0.078 0.075 0.023 0.025 0.103 0.089
1 1 0.085 0.07 0.023 0.029 0.107 0.089
1 2 0.061 0.052 0.019 0.017, 0.119 0.127
1 3 0.099 0.077 0.014 0.047 0.131 0.175
1 4 0.103 0.1 0.026 0.033 0.159 0.1 17
1 5 0.093 0.084 0.037 0.023; 0.203 0.156
1 6 0.085 • 0.029 * 0.048 •
1 7 0.066 • 0.021 • 0.029 *
1 8 0.088 0.105 0.07 0.057! 0.075 0.134
1 9 0.083 0.115 0.062 0.051 0.273 0.192
20 0.171 0.174 0.072 0.07 0.476 0.432
21 0.193 0.067 0.067 0.074 0.431 0.444
A P P E N D I X
1 1 8
T h e  m e a s u r e m e n ts  u t i l iz e d  in the v a r io u s  p r o c e d u re s  u s e d  to 
a s s e s s  m a c u la r  p ig m e n t  d e n s i ty  are  p re s e n te d  in u n i ta ry  fo rm  w ith in  
th is  a p p e n d ix .
T h e  re sea rc h  d e s ig n  is a sp l i t-p lo t  fac to r ia l  A B C D E  d e s ig n  (S P F) .
In th is  m ix e d  d e s ig n ,  A (i.e .,  tw in  p a irs )  is a b e tw e e n -s u b je c ts  ( i .e . ,  p 
is b e tw e e n -b lo c k s ) ,  ra n d o m  e f fec ts  v a r ia b le  w ith  10 le v e ls ,  B ( t r ia ls )  
an d  E ( s e s s io n s )  a re  w i th in -su b je c ts  ( i .e .,  q and  r are  w i th in -b lo c k s ) ,  
r a n d o m  e f fe c ts  v a r ia b le s  w ith  5 leve ls  an d  C  (w a v e le n g th )  and  D 
( re t in a l  p o s i t io n )  a re  w i th in -s u b je c t s  ( i .e . ,  s an d  t a re  w i th in -b lo c k s ) ,  
f ix ed  e f f e c ts  v a r ia b le s  w ith  2 leve ls .  T h e  e x p e r im e n ta l  d e s ig n  m o d e l  
e q u a t io n  (2 )  for th is  m ode l  is p re sen ted  a t the b e g in n in g  o f  the 
a p p e n d i x .
In o rd e r  to  d e te rm in e  the  p ro p e r  d e n o m in a to r s  fo r  the  F ra tio s ,  
the  e x p e c te d  v a lu e  o f  the m ean  sq u a re s  hav e  b een  d e r iv e d  fo r  each  
te rm . T h e  fo rm  o f  th ese  F ra tio s  are p re sen ted  b e lo w  e a c h  te rm . In 
a n u m b e r  o f  c a se s ,  m ean  s q u a re s  w ith  the a p p r o p r ia te  e x p e c te d  
v a lu e s  w e re  not a v a ila b le .  F o r  th ese  te rm s ,  q u as i  F  r a t io s  ( s ig n i f ie d  
by F ")  w e re  c a lc u la te d  u s in g  the p ro c e d u re  d e v e lo p e d  by 
C o c h ra n ,  1951 (as c i te d  in K irk ,  1982).
F o r  w i th in - s u b je c t s  v a r ia b le s  (w ith  m o re  th an  tw o  le v e ls ) ,  the 
a c c o m p a n y in g  F  ra t io  m ay  be p o s i t iv e ly  b ia sed  d u e  to  d e v ia t io n s  
f ro m  s p h e r ic i ty  in th e  v a r ia n c e - c o v a r ia n c e  m a tr ic e s .  In such  
in s ta n c e s ,  d e g r e e - o f - f r e e d o m  c o r r e c t io n s  w ere  m a d e  w i th  
G r e e n h o u s e - G e i s s e r  an d  H u y h h -F e ld t  c o r re c t io n s  ( B M D P  2 V ).
S u b s e q u e n t  a n a ly se s  w ere  c o n d u c te d  in B M D P  8V  to g e n e ra te
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e x p e c te d  m ean  sq u a re  v a lu es .  T h e  o b ta in e d  F  ra t io s  a re  p ro v id e d  
w ith in  T a b le  B.
T h e  e x p e c te d  m e a n  sq u a re s  w e re  used  fo r  a p o w e r  a n a ly s is  o f  
all o f  the te rm s  in c lu d ed  w ith in  the m o d e l .  6 is d e f in e d  by d iv id in g  
the  su m  o f  the  sq u a re d  e f fec ts  fo r  a te rm  by  the a p p r o p r ia t e  d e g re e s  
o f  f r e e d o m ,  fo r  e x a m p le ,  0 2n = I a 2j/(p . | )  o r  0 2a pY = ZZZ  ( a p y ) 2jki/(p- 
l)(q-1 )(r-1 )• P o w e r  (1 -P )  w as d e r iv ed  using  the tab le  o f  0 cu rv es  
p ro v id e d  by K irk  (1 9 8 2 ) .
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Design model equation (2): S P F p.qrst
w here ,  p  = a ,  q = P, r = y ,  s = 8, t = x
S u b c r ip t s  i , j ,k , l ,m ,n
i =  j  = 1, 2 , k = 1, . . . , 5 , 1 =  1, 2 , m = 1, 2 , n = 1, . . . , 5 .
Y i j k im n  =  p  +  a j  +  7t(i, +  Pk +  ( a P ) jk +  (P ji )k i( j )  +  (y)i  +  ( a y ) j i  +  ( y 7t ) i i (j> +  8  m +  
( a 8 ) j m  +  ( 5j t )m i(j, +  Xn +  ( a x ) j n  +  (XJt)ni(j) +  (pY)kl +  ( P 8 ) k m  +  ( p t ) k n  +  ( y S ) ] m +  
( y r ) in  +  (8 x ) m n  +  (o tpy)jk i  +  ( a P 8 ) j k m  +  ( a p x ) j k n  +  ( a y S l j i m  +  ( a y t ) j i n  +  ( a 8 x ) jmn +  
(P Y 7t )k l i ( j )  +  ( P 87T)knii(j) +  (pXJt)kni(j) +  (Y87t )m ,i( j )  +  (YCJl)ini(j) +  ( 8X7t ) m „j<j> +  
( P y 8 ) k l , „  +  (PY^)kln +  ( P 8 t ) k n „ ,  +  (Y S l) lm n  +  ( a P y 8 ) j k l m  +  ( a p y t ) j k l n  +  ( a p 8 x ) j k m n  +  
( a y S D j i m n  +  ( P y S n l k l m i l j )  +  (p Y W ) k ln i ( j )  +  (P 8 lJ l )k n in i ( j )  +  ( y 8 x J t ) |m ni<j) +
( P y S x l k l n m  +  ( a P y S x l j k l m n  +  ( P y 8x 7l )k ln in i(j )  +  C ijk ln in
E f f e c t s  Expected Mean Squares
1 E(M SA ) for a j  0 2e + nuqrstc 2« + q rstCT2n + nursta 2cxp + rst0 2pn + 
n u q rs 0 2ax + q rsa 2™ + nursa 2<xpT + rs0 2ptn
F" = |(M S A  + M SABC)/(M SA B + M SAC)|
2 E(M S Sub/A ) for jc(i) a 2e + q r s t c 2* + rst0 2pn + q rsa 2™ + rs<j2epTn
F" = |(M S S ub /A  + M SB C Sub/A )/(M SB Sub/A  + M SC S ub/A )|
3 E(M SB ) for Pk a 2e + n u p rs ta 2p + nurstc 2ap + rsta 2pn + nuprsa 2px +
n u r s a 2,l(j T + r s o 2(»xn
F" = [(M SB + M SBCD)/(M SBC + M SBD )|
4 E(M SA B ) for (a p ) jk a 2e + nurst0 2«p + rstc 2pn + nursa 2«p t + r s a 2pTTt
F" = | (M S A B  + M S A B C D )/(M S A B C  + M SABD )]
1 2 1
5 E ( M S B S u b / A )  f o r  (Pjt)ki<j) o 2e +  r s t 0 2 pjl +  r s 0 2pxjl 
F  =  [ ( M S B  S u b / A  ) / ( M S B E S u b / A ) ]
6  E ( M S C )  f o r  (Y)i o 2e +  n u p q s t  l Y i 2 / ( r - t ) o 2Y +  n u q s t 0 2a Y +  q s t o 2^  +  
n u p s t ( j 2 Py +  n u p q s a 2yt +  n u s t 0 2a p Y +  n u q s a 2ayx +  s t c 2 pyit +  q s a 2ytn +
n u s^ jjy j + n u so2apYt + S02pyxn
F "  =  [ ( M S C  +  M S C D E ) / ( M S C D  +  M S C E ) ]
7 E ( M S A C )  f o r  ( a y ) j i  o 2e +  n u q s t c 2a y  +  q s t a 2 ^  +  n u s t a 2„ Py +  
nuqs02ayt + st(j2Pyn + q^o2^  + r)us02aPyx + S02pyxn
F "  =  | ( M S A C  +  M S A C D E ) / ( M S A C D  +  M S A C E ) |
8  E ( M S C S u b / A )  f o r  (Yrc)ii<j> a2t +  q s t o 2^  +  s t a 2 PYn +  q s o 2^
F "  =  | ( M S C S u b / A  +  M S C D E S u b / A ) / ( M S C D S u b / A  +  M S C E / S u b / A ) )
9 E (M S D ) fo r 5 0 2 £ + nupqrt  l 8 m2 / ( m - l ) o 2 6  + nuqrt  a 2ag +  q r t o 2gn
+  n u p r t a 2 p 8  + + nupqra 26x + nurt 0 2apg + + n uqr  c 2«8 t  + rt o 2pg7t + + 
q r0 28T7i + n u p r 0 2 p6x + nu r0 2„ PgT + nur 0 2ay8 t + r0 2 ygxn
F "  =  [ ( M S D  +  M S A D E ) / ( M S D E  +  M S A D ) ]
10 E ( M S A D )  f o r  ( a 8 ) j „ ,  o 2E +  n u q r t CT2a 6  +  q r t 0 2 gn +  n u r t CT2(lpg +
n u q r 0 2 a g t  +  rt 0 2 pglt +  q r o 28tn +  n u r 0 2 apgx +  r 0 2 pgxn
F "  =  | ( M S A D  +  M S A B C D ) / ( M S A B D  +  M S A C D ) )
11 E ( M S D S u b / A )  f o r  ( 8 7 i ) m i( j , 0 2e +  q r t a 2 gn +  r ta 2pgn +  q r 0 2 gx7l +
r a 2 p8tn
F" = |M SD Sub/A  + M SB C D Sub/A )/(M SB D Sub/A  + M SC D Sub/A )|
12 E (M S E )  fo r  xn a 2e + n u p q rsa 2t + nuqrs a 2ax + q rs  + 
n u p r s c 2pT + nu rs0 2apx + rsa 2pXJl
F" = |(M S E  + M S A B E )/(M S A E  + MSBE)]
13 E (M S A E )  for ( a t ) jn o 2e + n uqrs0 2a x + qrs a 2XJt + n u rs0 2a px + 
r s a 2ptit
F" = [(M S A E  + M S A B C E )/(M S A B E  + M S A C E )|
14 E (M S E S u b /A )  fo r (X7c)ni{j) a 2e + q r s 0 2xn + rs0 2pxn
F  = [ ( M S E S u b /A ) / (M S B E S u b /A ) |
15 E (M S B C ) for((Jy)ki o 2z + nupsta 2pY + nust 0 2apY + s t o ^  +
n u p s a 2pyx + nusa 2a pyx + s 0 2pyxn
F" = [(M SBC + M SBC D E)/(M SB C D  + M SBCE)|
16 E (M S B D ) f o r ( p 5 ) km 0 2e + nuprt0 2p8 + nu0 2ups + a 2psn +
n u r t CT2 py5 + n upr0 2 p6x + n u r0 2«p8x
F" = | (M S B D  + M SA B C D )/(M SA B D  + M SBCD)]
17 E (M S B E )  f o r ( p x ) kn a 2e + n u p rsc 2 px + nu rsa 2a px + rsa 2pX7l
F  = l (M S B E )/(M S A B E ))
18 E (M S C D ) fo r  (y5)|m + n u p q to 2^  + nuqt a 2aY8 + q t o 2^  +
n u p t ( j 2 py5 + n u p q a 2Y8x + n u to 2«pY8 + nuq<j2ay6x + t(j2 pySn + q a 2Y8xn + 
llUa2py8x + nu<j2«pY8x + C2PY8xjt
F" = |(M S C D  + M SABCD)/( MS A C D  + M SBCD)!
19 E (M S C E )  for (yt)in o 2e + nupqs  E£(YS)im2/ ( r - l ) ( m - l ) a 2rx +
n u q s 0 2ayt + q s0 2 ,ja7l + nu p sa 2pYt + im s a 2, ^  + s o 2pYxn
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F" = [(M SCE + M SABCE)/(M SACE + MSBCE)]
20  E(M SD E) for (6x)mn a 2e + nupqrCT28x + nuqr0 2a8t + qr0 2Stn +
nupr<j2p5T + n u ro 2ap8T + >a2p8x7i
F" = KMSDE + M SABDE)/(M SADE + MSBDE)]
21 E(M SA B C) for (apy)jki a 2e + nusta 2apY + s t a ^  + nus0 2aprx +
So2Pyx7i
F" = |(M SA BC + M SABCDE)/(M SABCD + M SABCE)|
22 E(M SA B D ) for (ap 6 )jkm a 2e + nurt0 2ap8 + rtCT2p8n + nur0 2ap8t +
I’0 2p8x7i
F" = |(M SA BD  + M SABCDE)/(M SABCD + MSABDE)]
23 E(M SA B E) for (apT)jkn a \  + nursa 2«px + rsa 2pxn
F = |(M SA B E )/(M SB E Sub/A )J
24  E(M SA C D ) for (ay5)j|m 0 2e +  nuqt0 2aYs +  qta^Sn +  nut o 2apY8 +
n u q a 2aY8x + t o>2pY8n + qcj2Y8x»t nUCT2apY8x + CT2pY8xn
F" = |(M SACD + M SABCDE)/(M SABCD + MSACDE)]
25 E(M SA C E) for ( a y i ) ^  0 2e + nuqs0 2arx + q so 2ytn + nusa 2apyx +
s0 2Pyxn
F" = [(M SACE + MS ABCDE)/( MS ABCE + MSACDE)]
26 E(M SA D E) for ( a 8 i) jmn a 2E + nuqr0 2«8x + q rc 28x7i + nurc 2ap8x +
r0 2p8x7t
F" = [(M SADE + M SABCDE)/(M SABDE + MSACDE)]
27 E (M S B C S u b /A )  fo r (Py7t)kii(j) a 2e + s to 2p-y7t + s<j2pyxn 
F  = | (M S B C S u b /A ) / (M S B C E S u b /A ) ]
28 E (M S B D S u b /A )  for (p8jt)kmi<j) a 2e + rta 2p8n + r ^ p s ™
F  = l (M S B D S u b /A ) / (M S B D E S u b /A ) ]
29  E (M S B E S u b /A )  for (Px7c)kni(j) o 2£ + rs0 2 pTJt
F  = | ( M S B E S u b /A ) / (M S W C E L L |
30  E (M S C D S u b /A )  for (y5jt)imi(j) o 2e + q t a 2y8n + t g 2Py8ti + q a V x n
0 2Py8tti
F" = | (M S C D S u b /A  + M S B C D E S u b /A )/(M S B C D S u b /A  + M S C D E S u b /A ) |
31 E (M S C E S u b /A )  for (ytJihnUj, o 2e + q s o 2yni + s a 2pyx7i 
F  = |(M S C E S u b /A ) / (M S B C E S u b /A )J
32 E (M S D E S u b /A )  for (5xji)mni(j) o 2t + q r c 28x;i + r(j2jjgTJt
F  = | (M S D E S u b /A ) / (M S B D E S u b /A ) ]
33 E (M S B C D )  for (py5)kim a 2e + nuptc 2pY8 + nut a 2« p ^  + t a 2py8>i +
nU {j2py8i +  I1U o 2aPy8x +  0 2Py8tjt
F" = [(M SB C D  + M SA B CD E )/(M SA BC D  + M SBCDE))
34  E (M S B C E )  for (PyDkin o 2e + nupsa 2pyx + nusa 2apYt + s a 2pyxn
F  = [(M S B C E )/(M S A B C E )[
35 E (M S B D E ) for (p8x)kmn a 2e + n u p ra 2p8x + nurc 2a(}6T + r0 2p6TO
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F  = |(M S B D E )/(M S A B D E )]
36  E (M S C D E ) for (Y6x)imn oh  + n u p q a 2^  +  nu q 0 2aY6T +  q a ^ x n  +
n u o 2pY6i + nu<32a jj^5t  + 0 2p^gTJl
F" = [(M SC D E + MS ABCDE)/( M SACD E + M SBC D E)|
37 E (M S A B C D ) for (apY6)jk|m CT2e + nutc 2apY8 + ta 2pY5n +  n u 0 2a pY8x +
<T2pYSxn
F" = K M S A B C D  + M S B C D E S u b /A )/(M S B C D S u b /A  + M S A B C D E )]
38 E (M S A B C E ) for (a(3->a)jkin oh +  nus^apyx  +  s o ^ y t*
F  = |(M S A B C E ) / (M S B C E S u b /A ) |
39 E (M S A B D E ) for (ap 5 x ) jkmn a 2e + nura 2ap6T + r0 2p5tn 
F  = | (M S A B D E )/ (M S B D E S u b /A ) |
4 0  E (M S A C D E ) for (aySxJjimn ah + n u q a 2aY8x + q a 2Y8xn + nu a 2«pY8x
+ <J2pY8xn
F  =  |(M S A C D E )/(M S A B C D E )|
41 E (M S B C D S u b /A )  for (PYSn)klmi(j) o 2e + t c 2pY87i + o 2pY8xn 
F  = | (M S B C D S u b /A ) /(M S B C D E S u b /A )]
42  E (M S B C E S u b /A )  for (PYtJt)kini(j) oh  + s<j2pYxn
F  = |(M S B C E S u b /A ) / (M S W C E L L )]
43 E (M S B D E S u b /A )  fo r ( pSx7c)kmni(j> a 2£ + r0 2p5TJt
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F = |(M SB D E Sub/A )/(M SW C E L L ))
44  E(M SC D ESub/A ) for (Y8x 7t) lmni(j) (J2e +  ^(T2Y8T7t +  0 “Py8tji 
F = |(M S C D E Sub/A )/(M SB C D E Sub/A )|
45  E(M SB C D E) f o 1" ( P Y ^ ) k lm n  0 2e 0U (j~()y8t n U (j2 a p-ygT +  (j-p y 5 x n  
F = l(M SBCDE)/(M SABCDE)l
46  E(M SA B C D E ) for (otPY8x)jkimn o~ e  + n u ( j 2a |}.ygT + o 2P y 8 tk  
F = |(M SA B C D E )/(M SB C D ESub/A ) |
47  E(M SB C D ESub/A ) for (P Y 8 x j i )k im n i(j) o 2c + a 2 pY8Tn
F = |(M SB C D E Sub/A )/(M SW C E L L )|
48 E(M SW C ELL ) for Cijkimn o 2e
1 2 7
T a b l e  B: F ra tio s  fo r  the e f fe c ts  l is ted  w ith in  A p p e n d ix  B. T he
as te r is k s  in d ica te  those  e f fec ts  that  are  s ig n if ican t  at p < .05.
1 a. .007 1 8 (Y5)i.„ *44 .48 3 5 (PSr)kmn .470
2 11 *5.450 1 9 (yr)ii, 1.48 1 3 6 <y5r)i„„, .788
3 Pk .796 2 0 (5r)nm .908 3 7 (CtpySljkhn 1.1 09
4 (aP)ik 1.204 2 1 (aPY)jki .5 6 4 3 8 (OtPyDjkin .680
5 <Prt)kiii> 1.130 2 2 (CXpS)jkm .961 3 9 (aP5r),kmn .630
6 (Y)l 1.101 2 3 (ctpT)jkn .3 0 0 4 0 (ayfix)iimn 1.430
7 (av)ji .968 2 4 (cty5)jim *7 .136 4 1 (py5ii)kimii i i 1.090
8 W l i u 1.341 2 5 (ctyr)jin *3 .109 4 2 (PYX7t)klni( i I *3.210
9 5 * 2 09 .309 2 6 (aSxJjnn] .552 4 3 (P5x?t Ikinnil i) 2 .0 7 0
1 0 1.006 27 (Pyrt)kli(ii .7 4 0 4 4 (y5"C7t)imnil j) *3.213
1 1 (Sjt)mji j i 1 .836 28 (P57t)kmi( j) *1 .4 5 0 4 5 (Py5x)kiinn *2.075
1 2 t„ .0 4 2 0 2 9 (Px?t)kni(j) .9 8 0 4 6 (aPySDikimn .680
1 3 (ax)jn *4.980 3 0 (y5lt)lmi(j) *14 .79 4 7 (PySx7t)klmni<j> 1.000
1 4 (XJl)ni(j) *15 .860 3 1 (yXJt)ini(j) *4 .120 4 8 £ ijklmn
1 5 (P7)kl 1.033 32 (STTTldinii ji *4 .990
1 6 (PSjkm .908 33 (PySiklm .646
1 7 (Px)kn *2.460 3 4 (PyX)kln 2 .0 8 0
